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Chapter 1 
General introduction 
10 Chapter 1 
Fat igue is  a common phenomenon in  dai ly  l i fe .  I t  normal ly  develops 
dur ing exerc ise and is  of ten regarded as something negat ive.  
Though,  acute fa t igue can be a posi t ive exper ience
1 4
,  for  example 
when i t  develops dur ing exercise that  leads to a posi t ive resul t ,  
l ike winning a spor ts  match.  
A minor i ty  of  people is  chronical ly  severe ly fa t igued.  In  th is case,  
fa t igue may strongly in f luence a person’s  dai ly  l i fe ,  for  example 
reducing social  contacts  and prohib i t ing work or  other  act iv i t ies.  
Chronic fat igue has been descr ibed in  chronic fa t igue syndrome 
and a number of  addi t ional  d isorders,  but  c l in ical  pract ice suggests 
that  i t  is  a common compla int  a lso of  pat ients wi th neuromuscular  
d isorders.  
Aim of this thesis 
The present  thesis presents a number of  studies aiming to 
invest igate fat igue in neuromuscular  d isorders and chronic  fat igue 
syndrome. I t  is  d iv ided in to four sect ions.  
The in troductory sect ion (sect ion 1,  chapters 2 and 3)  addresses 
the presence and impact  of  chronic  fa t igue in the pat ient  
populat ion.  The main quest ion to be answered is i f  fa t igue is a 
common symptom of  neuromuscular  d isorders.  Therefore,  chapter 2 
rev iews fat igue l i terature,  especia l ly  wi th  respect  to  neuromuscular  
d isorders.  I t  in t roduces d i f ferent  types of  fa t igue which are 
important  to  d ist inguish in  research:  exper ienced fat igue,  and 
physiological  fa t igue,  of  which the la t ter  can be subdiv ided in to 
centra l  and per iphera l  fa t igue.  Chapter  3 invest igates the 
f requency of  chronic  severe exper ienced fat igue in the 
neuromuscular  d isorders fac ioscapulohumeral  dystrophy,  myotonic  
dystrophy,  and heredi tary  motor  and sensory neuropathy.  These 
chronic  disorders were chosen because they are re lat ive ly 
common, genet ica l ly  wel l -def ined,  and represent three d i f ferent  
c lasses of  neuromuscular  d isorders:  myogenic,  mul t isystem, and 
neurogenic,  respect ively .  A model  ex ists  which explains 
exper ienced fat igue in  chronic  fa t igue syndrome wi th psychological  
and behavioral  factors
1 8 3
.  Especia l ly  in  neuromuscular  pat ients,  
however ,  the contr ibut ion of  physiological  factors to  fa t igue may be 
re levant .  Namely,  in  contrast  to  chronic  fa t igue syndrome,  a 
somat ical ly  unexplained d isease,  in  neuromuscular  d isorders the 
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motor of  movement is  af fected.  The subsequent par ts of  th is  thesis 
concentrate on physio logical  aspects of  fat igue.  The main focus is 
on central  aspects of  fa t igue,  but  per ipheral  fa t igue is  a lso 
d iscussed.  
How can we measure physio logical  fa t igue? The methodological  
sect ion (sect ion 2,  chapters 4,  5,  and 6)  presents some methods to 
determine and quant i fy  physiological  aspects of  fa t igue.  The 
chapters 4 and 5 show how the amount  of  centra l  act ivat ion fa i lure 
and central  fa t igue can be determined at  the motor  endplate wi th 
e lectr ica l  st imulat ion dur ing sustained maximal  voluntary 
contract ions.  Chapter  6 presents a method to s tudy centra l  aspects 
of  fa t igue more upstream in the nervous system, namely at  the 
motor  cor tex.  In  addi t ion to the presentat ion of  the methods,  the 
sect ion prov ides reference values of  heal thy subjects,  which can 
be used in  pat ient  studies.  
In  the th i rd sect ion (chapters 7,  8 ,  and 9)  the methods descr ibed 
ear l ier  are appl ied to groups of  pat ients wi th chronic  fat igue 
syndrome and a number of  neuromuscular  d isorders to  determine i f  
exper ienced fat igue re lates to physio logical  fat igue in  pat ients .  
Chapter  7 s tudies physiological  fa t igue in  pat ients wi th chronic  
fa t igue syndrome,  severe ly  fat igued people wi thout  a somat ica l ly  
explained d isease.  Chapter  8 addresses fat igue in  pat ients wi th the 
chronic  neuromuscular  d isorders facioscapulohumeral  dystrophy,  
myotonic  dystrophy,  and heredi tary  motor  and sensory neuropathy.  
F inal ly ,  chapter  9 descr ibes physiological  fa t igue in  pat ients 
recovered f rom Gui l la in-Barré syndrome, an acute neuromuscular  
d isorder .   
In  the f ina l  sect ion of  th is  thesis (sect ion 4) ,  the combined 
summary and general  d iscussion (chapter  10)  address the main 
f indings and impl icat ions of  th is s tudy.  The main quest ions to be 
answered are:  
1)  Is  fa t igue a common symptom of  neuromuscular  d isorders? 
2) How can we measure physiological  fat igue? 
3) Does exper ienced fat igue relate to  physiological  fa t igue in  
pat ients?
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Abstract 
Chronic  fa t igue is a symptom of  d iseases such as cancer ,  mul t ip le 
sclerosis ,  Parkinson's d isease and cerebrovascular  d isorders.  
Fat igue can also be present  in  people wi th no def ined somat ic 
d isease.  I f  cer ta in cr i ter ia  are met ,  chronic  fa t igue syndrome can 
be d iagnosed.  Fat igue is a mul t i -d imensional  concept  wi th both 
physiological  and psychological  aspects.  The 'Abbreviated Fat igue 
Quest ionnaire '  consis t ing of  4  quest ions is  a tool  to measure the 
level  o f  exper ienced fat igue wi th a h igh degree of  re l iabi l i ty  and 
val id i ty .  
Wi th in the group of  pat ients wi th neuromuscular  d isorders,  
fa t igue has been repor ted in  pat ients wi th post-pol io  syndrome,  
myasthenia gravis  and Gui l la in-Barré syndrome.  The percentage of  
neuromuscular  pat ients suf fer ing f rom severe fat igue (64%) is 
s imi lar  to  that  of  pat ients wi th mul t ip le sclerosis ,  a  disease in  
which fat igue is a wel l -known symptom. 
Now that  re l iable psychological  and c l in ica l  neurophysio logical  
techniques are avai lab le,  a  mul t id iscip l inary approach to fa t igue in 
pat ients wi th wel l -def ined neuromuscular  d isorders may contr ibute  
towards the e lucidat ion of  the pathophysio logical  mechanisms of  
chronic fat igue,  wi th the u l t imate goal  to  develop methods of  
t reatment  for  fa t igue in  neuromuscular  pat ients.   
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Introduction 
Fat igue is a universal  and dai ly  phenomenon.  In the general  
pract i t ioner 's  of f ice,  symptoms of  fat igue are ranked th i rd on the 
l is t  o f  most repor ted problems
9 1
.  The symptom of  fa t igue,  however,  
covers a di f f icu l t  mul t id imensional  concept and therefore creates a 
complex problem for  the physic ian.  
Fat igue as a chronic  symptom is a wel l -known mani festat ion of  a  
number of  somat ic  d isorders,  l ike cancer ,  mul t ip le  sclerosis ,  
Parkinson's d isease and cerebrovascular  d isorders (Table 2.1) .  I t  
a lso occurs as a s ide-ef fect  o f  medicat ion l ike β-b lockers.  Fat igue 
has been descr ibed in  depression and dur ing stress.  There also is  
a group of  severe ly  fat igued pat ients that  do not  have a somat ical ly  
demonstrable disease.  I f  fa t igue exis ts for  more than 6 months and 
pat ients fu l f i l l  a  number of  addi t ional  cr i ter ia  (Table 2.2) ,  the 
d isorder  is d iagnosed as chronic  fat igue syndrome (CFS)
4 3
.  I t  is  
est imated that  about 30,000 to 40,000 people suf fer  f rom CFS in 
the Nether lands
6 6
.  I t  is  less wel l  known that  chronic  fa t igue a lso 
of ten occurs in  neuromuscular  d isorders and that  i t  has a 
considerable impact  on these pat ients.  Ci t ing a neuromuscular  
pat ient :  "Personal ly  I  consider  fa t igue as a more severe problem 
than the measurable somat ic problems and handicaps.  Fat igue 
makes me miss severa l  th ings,  whereas I  could learn to l ive wi th 
the somat ic handicaps.  Despi te my somat ic  problems I  could fu l ly  
funct ion in  society ,  i f  on ly  the problem of  fat igue was solved."   
In  the basic  sciences,  especia l ly  neurobiology,  fa t igue has been 
def ined as a t ime-related force decl ine
5 0 , 7 0
.  In  c l in ica l  medic ine 
fat igue has not  been invest igated thoroughly  unt i l  recent ly ,  
possibly  because the term was regarded subject ive and was not  
D i s o r d e r  
P e r c e n t a g e  o f  s e v e r e l y  
f a t i g u e d  p a t i e n t s  
C a n c e r  ( d u r i n g  t r e a t m e n t )  7 5 - 9 9
8 7 , 1 4 7
 
C e r e b r o v a s c u l a r  a c c i d e n t  ( a f t e r )  5 1
1 7 5
 
C h r o n i c  p a n c r e a t i t i s  7 3
1 4
 
G u i l l a i n - B a r r é  s y n d r o m e  8 1 - 8 6
1 0 7
 
M u l t i p l e  s c l e r o s i s  5 7 - 9 7
7 5 , 8 7 , 1 7 2
 
M y a s t h e n i a  g r a v i s  8 2
1 2 4
 
P a r k i n s o n ' s  d i s e a s e  6 5
8 7
 
P o s t  p o l i o  s y n d r o m e  8 0
8 7
 
S y s t e m i c  l u p u s  e r y t h e m a t o s u s  8 0
8 7
 
Tab le  2 .1  
Pe rcen tage  o f  
pa t i en ts  w i t h  
seve ra l  d i so rde rs  
expe r i enc ing  
seve re  f a t i gue  
18 Sect ion 1,  Chapter 2 
wel l -def ined
1 0 2
.  Now that  we have a bet ter  insight  in to di f ferent  
aspects of  chronic fat igue and are able to measure these re l iab ly,  
subject ive feel ings can be studied sc ient i f ica l ly .  Therefore,  
researchers and c l in ic ians more and more consider  fa t igue a 
problem worth the study
1 4 , 8 7
 
This  chapter  descr ibes the term fat igue and how i t  can be 
measured and reviews the l i terature about  fa t igue in  neuromuscular  
d isorders.  
Experienced fatigue 
Asking pat ients or  physic ians to descr ibe fat igue wi l l  lead to a 
var ie ty  of  descr ip t ions:  e.g.  s leepiness,  weakness,  exercise 
in to lerance or  exhaust ion.  Thus,  the term fat igue may be 
confus ing,  especia l ly  when used in  the context  of  neuromuscular  
d isorders,  in  which weakness is usual ly  the main symptom. This 
compl icates the def in i t ion,  d iagnosis and t reatment  of  the symptom 
of  fa t igue.  
Medical  l i terature usual ly  def ines fat igue in  the sense of  
'exper ienced fat igue' :  an overwhelming sense of  t i redness,  lack of  
energy and feel ing of  exhaust ion
1 4 , 4 2 , 7 7 , 8 7
.  A problem ar ises in 
d iscr iminat ing the level  o f  fat igue between di f ferent  indiv iduals.  
Everyone knows the feel ing of  fa t igue,  but  do we mean the same 
th ing? In order  to  compare levels  of  fa t igue between subjects,  
fa t igue should be quant i f ied.  For  physic ians th is  has pract ica l  
 
T o  d i a g n o s e  c h r o n i c  f a t i g u e  s y n d r o m e  t h e  f o l l owi n g  c r i t e r i a  s h o u l d  b e  f u l f i l l e d  
C l i n i c a l l y  e v a l u a t e d ,  u n e x p l a i n e d ,  p e r s i s t e n t  o r  r e l a p s i n g  f a t i g u e  t h a t  i s  o f  n e w  o r  
d e f i n i t e  o n s e t  ( h a s  n o t  b e e n  l i f e l o n g )  a n d  l a s t s  f o r  6  o r  m o r e  c o n s e c u t i v e  m o n t h s  
F a t i g u e  i s  n o t  t h e  r e s u l t  o f  o n g o i n g  e x e r t i o n s  
F a t i g u e  i s  n o t  s u b s t a n t i a l l y  a l l e v i a t e d  b y  r e s t  
F a t i g u e  r e s u l t s  i n  s u b s t a n t i a l  r e d u c t i o n  i n  p r e v i o u s  l e v e l s  o f  o c c u p a t i o n a l ,  e d u c a t i o n a l ,  
s o c i a l ,  o r  p e r s o n a l  a c t i v i t i e s  
 
F o u r  o r  m o r e  o f  t h e  f o l l owin g  s y m p t o m s  a r e  c o n c u r r e n t l y  p r e s e n t  f o r  >  6  m o n t h s  
I m p a i r e d  m e m o r y  o r  c o n c e n t r a t i o n  
S o r e  t h r o a t  
T e n d e r  c e r v i c a l  o r  a x i l l a r y  l y m p h  n o d e s  
M u s c l e  p a i n  
M u l t i - j o i n t  p a i n  
N e w  h e a d a c h e s  
U n r e f r e s h i n g  s l e e p  
P o s t - e x e r t i o n  m a l a i s e  
Tab le  2 .2  C r i t e r i a  f o r  ch ron ic  f a t i gue  synd rome
4 3
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impl icat ions,  because they of ten need to evaluate the ser iousness 
of  the s ign.  This  may be important  to  predict  o ther  symptoms or  
consequences of  the d isease,  l ike the need for  medical  suppl ies or  
a reduct ion in  work ing hours
1 2 5
.  Exper ienced fat igue is  a concept  
wi th both psychological  and physiological  d imensions.  For  example 
the psychological  factors wel l -being,  concentrat ion,  at t r ibut ions 
and social  funct ion ing may al l  in f luence exper ienced fat igue
1 8 2
 
(Table 2.3) .  
Exper ienced fat igue can best  be quant i f ied wi th quest ionnaires.  
The Checkl is t  Ind iv idual  Strength (CIS)
1 0
 conta ins an eight- i tem 
subscale fa t igue.  I t  is  used both for  sc ient i f ic  research and for  
pat ient  care.  For  c l in ical  pract ice a lso the Abbreviated Fat igue 
Quest ionnaire (AFQ) may be used
1 , 2
.  This is  a shor tened vers ion of  
the CIS,  which measures fat igue wi th four i tems.  I t  has both a good 
re l iabi l i ty  and val id i ty  and has been developed to use in the 
general  pract i t ioner 's of f ice.  
Physiological fatigue 
In  physio logy,  fa t igue is  usual ly  def ined as the loss of  vo luntary 
force-producing capaci ty  dur ing exercise
1 3
.  Physiological  fa t igue is 
not  necessar i ly  accompanied by exper ienced fat igue,  nor  v ice 
versa.  The loss of  force producing capaci ty can both (and 
s imul taneously)  have a per iphera l  and a centra l  or ig in  because 
T y p e  o f  f a t i g u e
P h y s i o l o g i c a l  L o c a t i o n  
C e n t r a l  f a t i g u e  B r a i n  
S p i n a l  c o r d  
P e r i p h e r a l  n e r v e  
P e r i p h e r a l  f a t i g u e  N e u r o m u s c u l a r  t r a n s i t i o n  
M u s c l e  
P s y c h o l o g i c a l   
C o n c e n t r a t i o n  
R e s t r i c t i o n s  i n  d a i l y  f u n c t i o n i n g  
P h y s i c a l  a c t i v i t y  
A t t r i b u t i o n s  a b o u t  f a t i g u e  ( e . g .  a t t i t u d e ,  
s e l f - e f f i c a c y )  
S o c i a l  s u p p o r t  
S o c i a l  f u n c t i o n i n g  
P s y c h o l o g i c a l  w e l l - b e i n g  
S l e e p  d i s t u r b a n c e s  
 
Tab le  2 .3  D imens ions  poss ib l y  i n f l uenc ing  expe r i enced  fa t i gue  
20 Sect ion 1,  Chapter 2 
muscles do not  funct ion autonomical ly ,  but  are act ivated by the 
nervous system (Table 2.3) .  
Fat igue has most ly  been studied at  the per iphera l  level ,  that  is  in  
the muscle t issue.  Per iphera l  fa t igue is  mainly  ascr ibed to 
changing in tracel lu lar  ion levels having a negat ive ef fect  on 
contract i le force
3 , 5 9 , 1 7 7
.  Dur ing per ipheral  fa t igue,  accumulat ion of  
lactate and extracel lu lar  potassium, together  wi th a lower ing of  the 
pH,  inf luence membrane exci tabi l i ty
1 8 8
.  Therefore,  muscle f iber  
conduct ion veloci ty  ref lects  the per ipheral  s i tuat ion.  Wi th the mul t i -
channel  e lectrode gr ids developed at  the Department  of  Cl in ica l  
Neurophysio logy in  Ni jmegen muscle f ibre conduct ion veloc i ty  can 
be assessed qui te  easi ly
1 8 7
.  The most  d i rect  measure of  per iphera l  
fa t igue,  however ,  is  the di f ferent  force response to ar t i f ic ia l  
e lectr ica l  st imulat ion dur ing rest  af ter  exercise compared to before.  
This di rect ly  shows the loss of  force produced by the muscle t issue 
af ter  constant  input  in to the muscle.  
Centra l  fat igue,  the decrease of  voluntary act ivat ion of  the 
muscle by the nervous system, nowadays gains in terest .  A muscle 
receiv ing subopt imal  input  f rom the nervous system wi l l  not  show 
i ts  maximal  force capaci ty.  In the case of  sub-maximal  centra l  
act ivat ion,  centra l  act ivat ion fa i lure (CAF) is  sa id to  be present.  An 
increase of  CAF dur ing exerc ise is  ca l led centra l  fat igue.   
Sub-maximal  voluntary dr ive may have severa l  causes,  l ike a 
lack of  mot ivat ion or  exhaust ion of  cor t ica l  neurons in  the motor 
cor tex.  Usual ly ,  CAF is  determined wi th a version of  the so cal led 
twi tch- in terpolat ion technique
4 8
 (F ig.  4 .1) .  Subjects  are instructed 
to make a maximal  voluntary contract ion (MVC) of  a  speci f ic 
muscle.  Dur ing MVC, ar t i f ic ia l  e lectr ica l  s t imulat ion is  appl ied on 
the motor  nerve or  motor  endplate.  I f  vo luntary centra l  dr ive is  
opt imal ,  th is  wi l l  not  lead to addi t ional  force product ion.  However,  
i f  vo luntary act ivat ion is  sub-maximal ,  e lectr ica l  st imulat ion resul ts  
in an increase of  force.  Thus,  in th is  case CAF can be shown.  Wi th 
th is  technique,  CAF can be quant i f ied and i ts  change over  t ime 
(centra l  fa t igue)  may be studied,  but  i t  cannot  d iscr iminate between 
the d i f ferent  causes of  CAF.  
Combin ing data about  centra l  and per iphera l  aspects of  fa t igue 
wi l l  lead to a more profound ins ight  in to the relat ive contr ibut ions 
of  these aspects to physio logical  fa t igue.   
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Fatigue in neuromuscular disorders 
Because exper ienced fat igue has direct  consequences for  the 
qual i ty  of  l i fe ,  quest ionnaires l ike the CIS can be used in s tudies in 
which the qual i ty  of  l i fe  is  the main research topic
1
.  A l though 
cl in ical  research shows an increasing in terest  in  aspects of  qual i ty  
of  l i fe ,  exper ienced fat igue is  only sporadical ly  inc luded.  This 
unfor tunate ly  is  a lso the case for  s tudies in to neuromuscular  
d isorders.  In  a number of  o ther  neurological  d isorders,  l ike mul t ip le 
sclerosis  or  Parkinson's d isease,  however ,  fa t igue is  wel l -known 
and accepted as a d isease re lated symptom
4 0 , 4 2 , 1 4 4 , 1 7 1
 (Table 2.1) .   
Despi te the many di f ferent  neuromuscular  d isorders,  only  a 
l imi ted number of  symptoms occur .  Muscle weakness is  the most  
typica l  one.  Other  symptoms are pain,  muscle loss,  involuntary 
movements,  myotonia,  and contractures
3 0
.  Exper ienced fat igue is  
not  the same as weakness;  fat igue is  an independent  symptom. 
Pat ients having fat igue wi thout  weakness usual ly  do not  have a 
known neuromuscular  d isorder
9 4
.  In contrast ,  fa t igue is  not  of ten 
recognized as a problem in neuromuscular  d isorders accompanied 
by weakness
2 5
.  
A number of  pat ients wi th speci f ic  neuromuscular  d isorders l ike 
metabol ic  or  mi tochondr ia l  d isorders,  however ,  do not  show muscle 
weakness,  but  do show fat igue in  the sense of  exercise 
in to lerance.  Besides,  some types of  pat ients exper ience both 
muscle weakness and fat igue,  l ike for  example the pat ient  c i ted 
above.  A possible explanat ion is  that  the weak or  atrophic  muscles 
have to funct ion at  the ir  (e .g.  metabol ic)  l imi ts
9 4
.  For  these 
pat ients,  dai ly  l i fe  is  so demanding that  we could consider  them top 
spor tsmen in  dai ly  l i fe .  This  type of  fat igue has not  yet  been 
studied wel l .  
 Wi th in the group of  neuromuscular  d isorders,  fa t igue has most ly  
been descr ibed in pat ients wi th postpol io  syndrome
9 , 1 6 4
,  
myasthenia gravis
1 2 4
,  and immune mediated neuropathies l ike 
Gui l la in-Barré syndrome
1 0 7
.  In  the last  d isorder ,  fa t igue usual ly  
s tar ts at  the onset  of  the d isease and of ten stays present  for  
months in  sp i te  of  to ta l  recovery of  the per iphera l  nervous system. 
In  myasthenia gravis  per iphera l  fa t igue has been studied and 
explained only  par t  of  the exper ienced fat igue
1 2 4
.  
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As a f i rst  invest igat ion preceding the extensive s tudy presented 
in  the next  chapter ,  our  group has compared exper ienced fat igue,  
funct ional  l imi tat ions,  psychological  wel l -being and depression in  
64 consecut ive pat ients wi th a neuromuscular  d isorder  v is i t ing the 
outpat ient  c l in ic of  our  hospi ta l  and in 94 pat ients wi th mul t ip le 
sclerosis
7 5
.  64% Of the pat ients wi th a neuromuscular  d isorder  and 
57% of  those wi th mul t ip le  sclerosis  exper ienced severe fat igue.  
Thus,  exper ienced fat igue appears equal ly  in  pat ients wi th 
neuromuscular  d isorders and mult ip le sc leros is.  Though, in  
mul t ip le  sclerosis  fa t igue is  general ly  accepted,  whereas i t  is  not  in  
neuromuscular  d isorders.  To opt imize care for  pat ients wi th 
neuromuscular  d isorders i t  is  important  to  recognize these high 
percentages of  fa t igue and to understand the under ly ing 
pathophysio logical  mechanisms. 
Chapter 3 
Experienced fatigue in 
facioscapulohumeral dystrophy, 
myotonic dystrophy and HMSN-I 
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Abstract 
This s tudy was developed to assess the prevalence of  severe 
fat igue and i ts  re lat ion to funct ional  impairments in  dai ly  l i fe  in 
pat ients wi th re lat ively  common types of  neuromuscular  d isorders.  
598 pat ients wi th a neuromuscular  d isease par t ic ipated (139 wi th 
facioscapulohumeral  dystrophy,  322 wi th adul t -onset  myotonic  
dystrophy and 137 wi th heredi tary  motor  and sensory neuropathy 
type I ) .  Fat igue sever i ty  was assessed wi th the Checkl is t  Ind iv idual  
Strength (CIS- fat igue) .  Funct ional  impairments in  dai ly  l i fe  were 
measured wi th the shor t  form 36- i tem heal th survey quest ionnaire  
(SF-36) .  
The three groups of  pat ients wi th a neuromuscular  d isorder were 
of  s imi lar  age and sex.  Severe exper ienced fat igue was repor ted by 
61-74% of  the pat ients.  Severely  fat igued pat ients had more 
problems wi th physical  funct ion ing,  social  funct ion ing,  menta l  
heal th ,  bodi ly  pain,  and general  heal th percept ion.  The ef fects  of  
fa t igue di f fered between the three d isorders.  
In  conclusion,  severe fat igue is  repor ted by the major i ty  of  
pat ients wi th re lat ively  common types of  neuromuscular  d isorders.  
Because exper ienced fat igue sever i ty  is  associated wi th the 
sever i ty  of  var ious funct ional  impairments in  dai ly  l i fe ,  i t  is  a  
c l in ical ly  and social ly  re levant  problem in th is group of  pat ients.   
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Introduction 
Fat igue has been def ined as an overwhelming sense of  t i redness,  
lack of  energy and feel ing of  exhaust ion and is  not  the same as 
weakness
8 7
.  Fat igue is  a common symptom in severa l  neuro logical  
d isorders such as mul t ip le  sclerosis ,  Parkinson’s  disease and 
stroke
4 0 , 4 2 , 7 7 , 8 7 , 1 0 2 , 1 4 4 , 1 7 5
.  In  these pat ient  populat ions i t  was found 
that  the exper ience of  severe fat igue can be a major  determinant  of  
d isabi l i ty  and in f luences the qual i ty  of  l i fe .  Surpr is ingly ,  fa t igue in  
neuromuscular  d isorders has received l i t t le  at tent ion,  a l though 
there have been studies in  pat ients wi th par t icular  neuromuscular  
d isorders.  Paul  et  a l .  showed that  82% of  a group of  pat ients wi th 
myasthenia grav is reported fat igue as a regular  symptom of  the ir  
d isease
1 2 4
.  A s tudy of  Ber l ly  et  a l .  showed that  68% of  a group of  
post-pol iomyel i t is  pat ients repor ted dai ly  fat igue.  Hal f  o f  these 
fat igued pat ients noted that  the ir  fa t igue had led to the need for  
assis tance in  dai ly  l i fe
9
.  In  a group of  pat ients wi th immune-
mediated polyneuropath ies i t  was found that  fat igue was a 
prominent  and highly d isabl ing symptom
1 0 7
.  Her lofson and Larsen 
showed that  fa t igued pat ients wi th Parkinson’s  d isease reported 
more problems in  areas of  funct ional  l imi tat ions
6 9
.  F isk et  a l .  found 
that  fa t igue had a s igni f icant  ef fect  on the general  heal th  s tatus in 
pat ients wi th mul t ip le sclerosis
3 9
.  The impact  of  fa t igue in  heal th  
re lated qual i ty  of  l i fe in  pat ients wi th neuromuscular  d isorders has 
not  been studied so far .  
Cl in ical  exper ience and pre l iminary f ind ings of  our  research 
group indicated that  many pat ients wi th a neuromuscular  d isorder 
exper ience severe fat igue and consider  i t  an important  problem
1 7 1
.  
Most  psychological  studies in  neuromuscular  d isorders,  however ,  
have focused main ly  on disabi l i ty  or  loss of  qual i ty  of  l i fe ,  and did 
not  address the problem of  exper ienced fat igue among di f ferent  
neuromuscular  d isorders
1 2 6 , 1 2 8 , 1 6 7
.  Current ly ,  no cross-sect ional  
s tudy has compared the presence and sever i ty  of  fat igue in  var ious 
neuromuscular  d isorders using val idated instruments.  
This  study concerns three genet ical ly  wel l  def ined,  
homogeneous,  and large populat ions of  pat ients wi th re lat ive ly  
common neuromuscular  d isorders,  namely facioscapulohumeral  
muscular  dystrophy (FSHD),  adul t -onset  myotonic dystrophy (MD) 
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and heredi tary  motor and sensory neuropathy type I  (HMSN-I) .  
FSHD is  an autosomal  dominant  inher i ted myopathy
1 2 2
.  MD is the 
most  common form of  muscular  dystrophy and is an autosomal 
dominant heredi tary  mul t isystem disease involv ing skeletal  
muscles,  eye,  hear t ,  lungs,  gastro intest ina l  t ract ,  bone,  sk in,  and 
centra l  and per iphera l  nervous systems
6 4
.  HMSN-I  is  the most 
common genet ic  d isorder  af fect ing the per iphera l  nervous 
system
4 6 , 6 1 , 6 2
.  Thus,  th is  study compared exper ienced fat igue in 
pat ients wi th three di f ferent  neuromuscular  d isorders,  inc luding a 
myopathy,  a mul t isystem disorder  and a neuropathy.  
Our research group has developed a mul t id imensional  
assessment  method to measure fat igue in  severa l  chronic 
d isorders
3 1 , 1 4 8 , 1 7 5 , 1 8 1 , 1 8 2
.  In  th is  study,  in  addi t ion to fa t igue 
sever i ty  we invest igated the re lat ion between fat igue and funct ional  
impairment in dai ly  l i fe .  
Heal th-related qual i ty  of  l i fe  scales,  such as the shor t  form 36-
i tem heal th quest ionnaire (SF-36),  might  be usefu l  to  assess 
important  domains of  heal th  and var ious aspects of  impairment 
f rom the pat ient ’s  perspect ive
1 7 6
.  We chose the SF-36,  the most  
widely  used gener ic heal th  re lated scale,  to  evaluate the potent ia l  
impact  of  fa t igue on d i f ferent  components of  funct ional  impairment 
in  dai ly  l i fe in pat ients wi th a neuromuscular  d isorder .  
In  th is  ar t ic le  we address the fo l lowing quest ions.  How many 
pat ients wi th these neuromuscular  d isorders exper ience severe 
fat igue? Are there di f ferences in  fa t igue sever i ty ,  demographical  
var iables,  and var ious funct ional  impairments between the d i f ferent  
neuromuscular  d isorders? And what  is  the contr ibut ion of  physica l  
funct ioning,  soc ial  funct ioning,  mental  heal th  and bodi ly  pain to 
fa t igue sever i ty  in three re lat ive ly  common neuromuscular  
d isorders? 
Methods 
Patients 
Adult  pat ients  aged 18 to 65 years wi th a def in i te  d iagnosis  who 
could be c lassi f ied in to one of  the three neuromuscular  d isease 
categor ies (FSHD, MD, HMSN-I)  were asked to par t ic ipate.  Some 
of  the pat ients  were recru i ted f rom the Neuromuscular  Centre,  
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Radboud Universi ty  Ni jmegen Medical  Centre in  the Nether lands.  
The remainder  was recrui ted f rom the Dutch Neuromuscular  
Diseases Associat ion (Vereniging Spierz iekten Neder land,  VSN).   
In  total ,  900 pat ients were in formed by a let ter  and received a 
booklet  wi th  quest ionnaires (descr ibed below) at  home.  Subjects 
were asked which diagnosis  had been made and i f  th is was done 
by a neurologis t  or  c l in ical  genet ic is t .   
We used a cross-sect ional  design to assess fat igue in  pat ients 
wi th a neuromuscular  d isorder .  Wri t ten in format ion about the 
purpose of  the study was provided to a l l  the pat ients.  The study 
was approved by the local  e th ics commit tee.   
Fatigue severi ty 
The Checkl is t  Indiv idual  Strength (CIS)  is  a 20- i tem quest ionnai re 
and measures the fo l lowing four  separate aspects of  fa t igue dur ing 
the prev ious two weeks:  fa t igue sever i ty  (e ight  i tems, score range 
8 to 56) ,  concentrat ion problems ( f ive i tems, score range 5 to 35) ,  
reduced mot ivat ion ( four  i tems, score range 4 to 28) ,  and reduced 
act iv i ty  ( three i tems, score range 3 to 21).  Each i tem was scored 
on a seven point  L iker t  scale.  High scores ind icated h igh levels of  
fa t igue,  h igh levels of  concentrat ion problems,  low mot ivat ion,  and 
low levels  of  act iv i ty  (22) .  The CIS had good internal  consistency 
and spl i t -hal f  re l iab i l i ty
3 5
.  A CIS-fat igue score of  35 or  more was 
used to ident i fy  severe fat igue
1 8 0
.  
Functional impairment in dai ly  l i fe  
The fo l lowing subscales of  the SF-36 were used to assess di f ferent  
areas of  funct ional  impairments in  dai ly  l i fe:  physica l  funct ioning,  
social  funct ioning,  ro le l imi tat ions caused by physical  heal th  
problems,  ro le l imi tat ions caused by emot ional  problems,  menta l  
heal th ,  bodi ly  pain,  and general  heal th percept ion
1 8 4
.  The 
t ransformed scores for  a l l  SF-36 scales ranged from 0 to 100.  For 
each subscale a higher  score indicated bet ter  funct ioning or less 
pain.  
Stat ist ics 
Data analysis  was carr ied out  us ing SPSS for  Windows (version 
11.0) .  Descr ipt ive stat is t ics were used to descr ibe the sample.  
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Normal i ty  was tested according to the Kolmogorov-Smirnov test .  
We used t - tests ,  chi -square and one-way analysis of  var iance 
(ANOVA) to test  for  d i f ferences between groups.  In case overa l l  
s igni f icance was shown,  the Bonferonni  correct ion was appl ied to 
compare the three pat ient  groups.  Probabi l i ty  (p)  values of  ≤  0.05 
were regarded as s tat is t ica l ly  s igni f icant .  Corre lat ions were 
calculated wi th the Pearson coef f ic ient  ( r ) .  In order to  examine the 
contr ibut ion of  physical  funct ion ing,  social  funct ion ing,  menta l  
heal th ,  and bodi ly  pain in  re lat ion to fa t igue sever i ty ,  l inear 
regression analyses (enter  method)  were per formed.  
Results 
From the 647 adul t  pat ients  (72%) who returned the 
quest ionnai res,  49 pat ients were excluded for  the fo l lowing 
reasons:  no d iagnosis of  FSHD, MD or HMSN-I  (n=30) ,  incomplete 
booklets  (n=19) .  A tota l  o f  598 pat ients f i t ted the inc lus ion cr i ter ia  
and completed the quest ionnaires (66%).  This group consis ted of  
139 pat ients wi th FSHD, 322 wi th MD, and 137 wi th HMSN-I .  
Diagnoses in a quar ter  of  these pat ients were made at  our  hospi ta l  
accord ing to establ ished cr i ter ia
3 7
.  Resul ts  f rom th is subgroup d id 
not  d i f fer  f rom the resul ts  of  the group as a whole.  Demographic  
character ist ics of  the three groups are l is ted in  Table 3.1.  No 
s igni f icant  d i f ferences were found in  age,  sex,  or  mar i ta l  s tatus 
 F S H D
N = 1 3 9  
M D
N = 3 2 2  
H M S N  
N = 1 3 7  
A g e  ( y e a r s )  ( m e a n  ( S D ) )  4 3 . 7  ( 1 0 . 1 )  4 3  ( 1 0 )  4 2 . 5  ( 1 0 . 7 )  
A g e  r a n g e  ( y e a r s )  2 2 – 6 1  1 8 – 6 3  1 9 - 6 3  
S e x  ( M / F )  ( % )  4 9 % /  5 1 %  4 7 % /  5 3 %  4 1 % /  5 9 %  
M a r i t a l  s t a t u s      
   M a r r i e d / l i v i n g  t o g e t h e r  7 4 %  7 0 %  6 9 %  
   S i n g l e  2 5 %  3 0 %  3 1 %  
   M i s s i n g  i n f o r m a t i o n  1 %  - - -  - - -  
    
E d u c a t i o n  l e v e l  ( % ) *     
   L o w  3 2 %  5 3 %  2 8 %  
   I n t e r m e d i a t e  3 4 %  2 8 %  2 7 %  
   H i g h  3 4 %  1 9 %  2 9 %  
   M i s s i n g  i n f o r m a t i o n  1 %  - - -  - - -  
    
* s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  M D  a n d  F S H D  a n d  b e t w e e n  M D  a n d  H M S N  ( p - v a l u e  <  0 . 0 5 )  
Tab le  3 .1 .  Demograph i c  cha rac te r i s t i cs  o f  pa t i en t  g roups  
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between the three groups.  The MD group had a s igni f icant ly  lower 
level  o f  educat ion than the two other  groups.  
Fatigue and functional  impairment in FSHD, MD and HMSN 
Al l  pat ient  groups exper ienced h igh levels  of  fa t igue.  The mean 
(SD) CIS- fat igue score in  the FSHD group was 36.5 (12.5) ,  in  the 
MD group 40.4 (11.8),  and in  the HMSN group 37.4 (12.2) .  In  the 
FSHD group 61% was severely  fa t igued,  in the MD group 74%, and 
in  the HMSN group 64%. 
Table 3.2 shows a comparison of  funct ional  impairments in  dai ly  
l i fe  between the three pat ient  groups.  The MD group reported 
having s igni f icant ly  more concentrat ion problems,  h igher  levels  of  
reduced mot ivat ion,  and reduced levels  of  act iv i ty .  The MD group 
perceived lower general  heal th but  exper ienced less bodi ly  pain 
than the FSHD and HMSN pat ients.   
Age related problems 
In  the FSHD group and MD group,  age corre lated s igni f icant ly  wi th  
fa t igue sever i ty  (FSHD: r=0.19,  p=0.002;  MD: r=0.17,  p=0.002) .  In 
a l l  three pat ient  groups,  h igher  age was associated wi th more 
impairment in  physical  funct ioning and more bodi ly  pain.  Among 
 
F S H D  
N = 1 3 9  
M D
N = 3 2 2  
H M S N
N = 1 3 7  p - v a l u e  
C I S      
C I S - f a t i g u e  3 6 . 5  ( 1 2 . 5 )
b
 4 0 . 4  ( 1 1 . 8 )
a c
 3 7 . 4  ( 1 2 . 2 )
b
 0 . 0 0 2  
C I S - c o n c e n t r a t i o n  1 2 . 3  ( 8 . 2 )
b
 1 6 . 8  ( 8 . 3 )
a c
 1 3 . 8  ( 8 . 7 )
b
 0 . 0 0 0  
C I S - m o t i v a t i o n  1 2  ( 5 . 9 )
b
 1 6 . 8  ( 6 . 6 )
a c
 1 2 . 2  ( 6 . 1 )
b
 0 . 0 0 0  
C I S - a c t i v i t y  1 0 . 1  ( 5 . 5 )
b
 1 3 . 2  ( 5 . 6 )
a c
 9 . 4  ( 5 . 5 )
b
 0 . 0 0 0  
     
S F - 3 6      
p h y s i c a l  f u n c t i o n i n g  4 5 . 2  ( 3 1 . 4 )  4 8 . 4  ( 2 8 . 2 )  5 3 . 1  ( 2 6 . 4 )  n s  
s o c i a l  f u n c t i o n i n g  7 1 . 6  ( 2 4 . 2 )  6 9 . 9  ( 2 4 . 3 )  6 7 . 5  ( 2 4 . 3 )  n s  
r o l e  l i m i t a t i o n s  p h y s i c a l  4 7 . 9  ( 4 2 )  4 8 . 2  ( 3 9 . 7 )  4 8 . 9  ( 3 9 )  n s  
r o l e  l i m i t a t i o n s  e m o t i o n a l  6 9 . 5  ( 4 1 . 6 )  7 3 . 9  ( 3 7 . 6 )  6 7 . 4  ( 4 1 . 6 )  n s  
m e n t a l  h e a l t h  7 2 . 6  ( 1 7 )  7 2 . 7  ( 1 8 )  6 8 . 9  ( 1 9 . 2 )  n s  
b o d i l y  p a i n  6 6 . 6  ( 2 3 . 8 )
b
 7 5 . 4  ( 2 5 . 3 )
a c
 6 8 . 5  ( 2 5 . 5 )
b
 0 . 0 0 1  
g e n e r a l  h e a l t h  p e r c e p t i o n  5 1 . 7  ( 2 1 . 6 )
b
 4 0 . 5  ( 2 2 . 3 )
a c
 5 2 . 5  ( 2 0 . 7 )
b
 0 . 0 0 0  
     
V a l u e s  a r e  m e a n  ( S D ) .  A  h i g h e r  v a l u e  i n d i c a t e s  m o r e  c o m p l a i n t s  o r  i m p a i r m e n t s  
a
S i g n i f i c a n t l y  d i f f e r e n t  f r o m  F S H D ,  B o n f e r o n n i  p < 0 . 0 5  
b
S i g n i f i c a n t l y  d i f f e r e n t  f r o m  M D ,  B o n f e r o n n i  p < 0 . 0 5  
c
S i g n i f i c a n t l y  d i f f e r e n t  f r o m  H M S N ,  B o n f e r o n n i  p < 0 . 0 5   
Tab le  3 .2  The  ma in  ou tcome  measu res  in  t he  th ree  pa t i en t  g roups  
30 Sect ion 1,  Chapter 3 
the MD pat ients,  age corre lated s igni f icant ly  wi th al l  subscales of  
the SF-36 and wi th reduced mot ivat ion and reduced act iv i ty  on the 
CIS.  
Severely fat igued pat ients 
Severely  fa t igued pat ients (CIS- fat igue >= 35)  were compared wi th 
less fat igued pat ients (CIS- fat igue < 35)  wi th in the three 
neuromuscular  d isorders.  Severely fa t igued FSHD pat ients,  MD 
pat ients,  and HMSN pat ients had more concentrat ion problems,  
h igher  scores on reduced mot ivat ion and reduced levels  of  physica l  
act iv i ty .  Severely  fat igued pat ients a lso had s igni f icant ly  lower 
scores at  a l l  subscales of  the SF-36.  
Contr ibut ion of  different  dimensions to fat igue severi ty 
Regression analyses were carr ied out  to  examine the contr ibut ion 
of  d i f ferent  d imensions in  re lat ion to fa t igue sever i ty  (Table 3.3) .  
Separate analyses were done for  each group,  wi th  CIS- fat igue as 
the dependent  var iable.  In  the FSHD group,  physical  funct ioning,  
social  funct ioning and bodi ly  pain contr ibuted s igni f icant ly  to 
fa t igue sever i ty ;  in the MD group,  physical  funct ioning and social  
funct ioning contr ibuted s igni f icant ly ;  in  the HMSN group,  none of  
the independent  var iables contr ibuted s igni f icant ly .  The 
corre lat ions between CIS- fat igue and the SF-36 subscales were 
weaker  in  the HMSN group than in  the FSHD or  MD group.   
Discussion 
As far  as we know th is  is  the f i rs t  cross sect ional  study in  which 
exper ienced fat igue has been invest igated in three large 
homogeneous groups of  neuromuscular  d isorders wi th va l idated 
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measurements.  Our study shows that  61-74% of  the subjects  in  the 
invest igated groups were severe ly  fa t igued.  This  means that  the 
exper ience of  severe fat igue is  a major  compla int  in  most  pat ients 
wi th these neuromuscular  d isorders.  In  a l l  three groups,  being 
severe ly fa t igued was associated wi th greater  levels of  funct ional  
impairment in dai ly  l i fe .  
The resul ts  a lso showed that  pat ients wi th MD had signi f icant ly  
h igher  scores of  severe fat igue,  repor ted more problems wi th  
concentrat ion (CIS-concentrat ion) ,  and had more d i f f icul ty in  
in i t ia t ing and p lanning (CIS-reduced mot ivat ion)  than the two other  
groups.  Dayt ime sleepiness is  an establ ished c l in ical  mani festat ion 
of  MD
6 4 , 6 5 , 1 3 2
.  I t  is  possible that  pat ients wi th th is  d isease confuse 
the exper ience of  fa t igue wi th dayt ime sleepiness,  which may have 
af fected the CIS- fat igue scores of  the MD group. However,  Van der  
Werf  e t  a l .  showed that  exper ienced fat igue,  measured wi th the 
CIS- fat igue,  and dayt ime sleepiness are di f ferent  c l in ical  
mani festat ions in  MD
1 7 3
.  
In  addi t ion,  we found that  MD pat ients had a lower educat ion 
level  than the FSHD and HMSN pat ients.  These d i f ferences may be 
explained by d isease speci f ic  problems associated wi th a 
mul t isystem disorder such as MD. Mental  dysfunct ion – such as 
reduced in te l l igence and lower levels of  concentrat ion and 
in i t ia t ion-  has been recognised in  MD
6 4 , 6 5
,  in  contrast  to  the lack of  
such defects in  other  d isabl ing neuromuscular  d isorders.  
Pat ients wi th FSHD and HMSN turned out  to  have h igher  scores 
of  bodi ly  pain than the MD pat ients.  These resul ts are consistent  
wi th  repor ts  of  the presence of  pain in  other  s tudies in  FSHD and 
HMSN
1 2 6 , 1 2 8 , 1 6 7
.  Pain,  part icular ly  back pain,  is  of ten considered as 
a problem but  has been poor ly  studied in MD pat ients
6 5
.  
Age and fat igue sever i ty  d id not  seem to be related in  any of  the 
groups,  as no contr ibut ion of  these varables was found in  the 
regression analyses.  Kar lsen showed that  fa t igue sever i ty  is  not  
regarded as par t  o f  the normal  aging process
7 7
.   
The s igni f icant  corre lat ions between age and funct ional  
impairment in  dai ly  l i fe  suggest  that  o lder age is associated wi th 
increasing impairment in  physical  funct ioning and bodi ly  pain in  a l l  
three pat ient  groups.  This  is  in accordance wi th the progressive 
nature of  these disorders.  An increase in physical  l imi tat ion wi th 
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age in  these condi t ions is  wel l -known
4 6 , 6 4 , 1 2 2
.  In  MD, age is  a lso 
corre lated wi th a l l  o ther  funct ional  impairments.  These resul ts are  
in  l ine wi th the known di f ferences between these three 
neuromuscular  d isorders
6 4 , 6 5
.  
Compared wi th the heal thy contro l  data prov ided in  the manual  of  
the Dutch version of  the SF-36
1 7 6
,  the mean scores for  our  three 
groups of  pat ients were reduced on al l  SF-36 subscales.  In  
addi t ion,  the severe ly  fat igued pat ients in a l l  three groups scored 
lower than the non-severely  fa t igued pat ients,  suggest ing a re lat ion 
between fat igue and funct ional  impairment.  Her lofson and Larsen 
showed that  fa t igued pat ients wi th Parkinson’s  d isease reported 
more problems in  areas of  funct ional  l imi tat ion and that  pat ients 
wi th fa t igue had more advanced d isease than those wi thout  fa t igue,  
measured by a d isease sever i ty  scale for  Parkinson’s  d isease
6 9
.  A 
s tudy of  Fisk et  a l .  found that  fa t igue had a s igni f icant  ef fect  on 
general  heal th  status in  pat ients wi th mul t ip le  scleros is
3 9
.  They 
showed that  d isease c lassi f icat ion and neurological  impairment  had 
l i t t le  bear ing on fat igue in  pat ients wi th mul t ip le  sclerosis .  In our 
s tudy we d id not  use a disease sever i ty  scale,  so we could not  
invest igate the re lat ion between fat igue sever i ty  and disease 
sever i ty  in  these d isorders.  
Regression analyses suggested that  physica l  funct ioning,  bodi ly  
pain,  and social  funct ioning were re lated to fa t igue sever i ty  in 
FSHD pat ients.  In  MD pat ients  only  physical  funct ion ing and social  
funct ioning were related to fa t igue sever i ty .  In  HMSN pat ients none 
of  the d imensions contr ibuted independent ly  to  fa t igue sever i ty .  
Thus in the la t ter  group fat igue is  less c lear ly re lated to funct ional  
impairment.  Possib ly ,  factors that  we d id not  measure p lay a more 
prominent ro le in  the contr ibut ion of  fa t igue in  HMSN. 
The impact of  fa t igue in  heal th  re lated qual i ty  of  l i fe in  pat ients 
wi th neuromuscular  d isorders has not  been studied so far .  
There are some methodological  l imi tat ions to our  s tudy.  Firs t ,  i ts  
cross-sect ional  design makes i t  impossible to  draw conclusions on 
the direct ion of  the associat ion.  Second,  not  a l l  the diagnoses were 
made at  our  hospi ta l .  About  a quarter  of  the pat ients  in  the study 
came from our  hospi ta l  and the diagnoses of  those pat ients were 
checked.  Never theless,  th is group of  pat ients did not  d i f fer  in any 
Exper ienced fat igue in  chronic  neuromuscular  d isorders  33 
of  the main outcome var iables f rom the remain ing pat ients 
recru i ted f rom the Dutch Neuromuscular  Diseases Associat ion.  
Conclusions 
Our study shows that  the major i ty  of  a  large sample of  pat ients 
wi th re lat ively  common types of  neuromuscular  d isorders 
exper ience severe fat igue.  The factors re lated to fat igue sever i ty  
appear  to d i f fer  in  the three types of  d isorder.  Severe fat igue is 
associated wi th ser ious impairment  in  dai ly  l i fe .  Therefore th is 
symptom is  a c l in ical ly  and social ly  re levant  problem in pat ients 
wi th a neuromuscular  d isorder .  
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Abstract 
Local  muscle fa t igue can or ig inate f rom both per iphera l  and centra l  
factors.  The re lat ive contr ibut ion of  these factors in  the course of  a  
fa t iguing contract ion in  20 heal thy subjects  was determined.  
 Whi le  subjects made a 2-min susta ined maximal  voluntary 
contract ion (MVC) of  the biceps brachi i ,  muscle f ibre conduct ion 
veloci ty (MFCV) was determined wi th sur face e lectromyography 
(sEMG) as a representat ion of  developing per iphera l  fa t igue.  To 
quant i fy  the amount  of  per iphera l  fat igue,  the force development  
fo l lowing a t ra in of  e lectr ical  s t imul i  on the endplate before and 
af ter  the contract ion were compared.  To measure force loss caused 
by centra l  factors,  super imposed e lectr ica l  st imulat ion was used 
dur ing the contract ion.  By two d i f ferent  methods the inf luence of  
per ipheral  fa t igue on the super imposed force responses was taken 
in to account .  The f i rs t  method compared the force response wi th 
the actual  vo luntary force,  the second -which seemed more val id-  
used an est imat ion of  per iphera l  fat igue based on l inear 
in terpolat ion between the force responses dur ing rest  before and 
af ter  sustained contract ion.  Dur ing the contract ion,  vo luntary force 
decreased to 38%. Per ipheral  fa t igue was responsible for  the 
larger  part  o f  th is  decl ine (89%).  The other  par t ,  which was 
calculated as 12%, was caused by an increase of  centra l  act ivat ion 
fa i lure.  The decl ine of  MFCV indicated that  per ipheral  fat igue 
increased predominant ly  dur ing the f i rs t  ha l f  o f  the contract ion and 
stayed at  a constant  level  dur ing the lat ter  par t .  In  contrast ,  centra l  
fa t igue mainly  induced a force decrease in  the second par t  o f  the 
contract ion.  The di f ferent  mechanisms which could be responsib le 
for  th is  change of  emphasis  f rom per iphera l  to  centra l  factors are 
d iscussed. 
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Introduction 
Local  muscle fa t igue is  most ly  def ined as a reduct ion of  the 
maximal  force generat ing capaci ty  of  a  muscle induced by 
exerc ise
4 8
.  Per ipheral  s i tes of  the or ig in of  fa t igue inc lude the 
neuromuscular  junct ion,  the sarcolemma and the contract i le  
apparatus,  whi le mechanisms involved may be the exc i ta t ion-
contract ion coupl ing,  accumulat ion of  metabol i tes and deplet ion of  
fue ls
8 3
.  
Quant i f icat ion of  per ipheral  fa t igue af ter  a susta ined fat igu ing 
contract ion has been done by studying the response of  a re laxed 
muscle upon e lectr ical  st imulat ion
4 9 , 7 8 , 1 6 8
.  Wi th the same 
technique, the development  of  per iphera l  fa t igue has been 
examined dur ing per iods of  re laxat ion in  repet i t ive contract ions
1 0 0
.   
The appearance of  per iphera l  fa t igue dur ing a contract ion,  has 
most ly been studied wi th electromyography (EMG).  Median or  mean 
power spectrum frequencies were shown to decrease dur ing 
sustained maximal  vo luntary contract ion (MVC)
8 6 , 1 1 3
.  Zwarts and 
Arendt-Nielsen showed that  muscle f ibre conduct ion veloci ty  
(MFCV) decreased dur ing maximal  ef for t
1 8 6
,  which contr ibutes to 
th is  decl ine of  power f requency
1 6 2
.  The decl ine of  MFCV ref lects 
the accumulat ion of  metabol ic  byproducts
1 6 , 2 9 , 9 7 , 1 0 5
 and thus can be 
used as a measure of  per ipheral  fa t igue.  Thomas et  a l .  showed that  
changes in  M-wave parameters were not  suf f ic ient  to detect  
per ipheral  fa t igue
1 6 8
.  The reason might  be that  M-wave durat ion is 
an ind irect  rather  than direct  measure of  conduct ion veloci ty .  
Magnet ic  resonance spectroscopy has the abi l i ty  to measure the 
metabol ic  s i tuat ion of  the muscle dur ing exerc ise more d irect ly
7 1 , 7 8
.  
Besides per iphera l  factors,  a fa i lure of  dr ive f rom the centra l  
nervous system also may contr ibute to  the loss of  force induced by 
exerc ise
4 9 , 5 1 , 7 8 , 8 0
.  This  central  fa t igue can have i ts  or ig in  in a l l  
s t ructures above the neuromuscular  junct ion (centra l  nervous 
system and per iphera l  nerves).  I t  might  resul t  f rom a combinat ion 
of  in tr insic motoneuronal  propert ies,  ref lex inhibi t ion and 
d isfaci l i ta t ion,  Renshaw cel l  inh ib i t ion,  and insuf f ic ient  dr ive f rom 
supraspinal  s i tes
4 7
,  for  example because of  a lack of  subject  
mot ivat ion
4
.  
40 Sect ion 2,  Chapter 4 
A few methods have been developed to detect  the fa i lure of  
centra l  dr ive.  Gandevia et  a l .  showed that  central  fa t igue occurred 
dur ing prolonged MVC using t ranscrania l  magnet ic s t imulat ion
4 9
.  
However ,  the non-speci f ic i ty  of  th is technique compl icates 
quant i f icat ion.  Several  authors have therefore used e lectr ica l  
s t imulat ion of   motor  nerves or  motor  endplate regions dur ing 
voluntary contract ions
4 , 1 2 , 4 9 , 5 1 , 7 8 , 8 0 , 1 0 0 , 1 1 0
.  I f  e lectr ica l  s t imulat ion 
resul ted in a force response,  vo luntary act ivat ion apparent ly  was 
less than maximal .  
The major i ty  of  these studies determined the amount  of  central  
fa t igue dur ing shor t  MVC or only  at  the beginning and at  the end of  
sustained MVC
4 , 5 1 , 7 8 , 8 0 , 1 0 0
.  As far  as we know, the change of  
centra l  act ivat ion in the course of  a susta ined contract ion has only 
been studied by Bigland-Ri tch ie et  a l .
1 2
,  Thomas et  a l .
1 6 8
 and 
Gandevia et  a l .
4 9
.  The f i rs t  s tudy d id not  f ind any centra l  act ivat ion 
fa i lure (CAF) in  adductor  pol l ic is .  The second showed that  at  the 
beginning of  a  5-min sustained MVC of  t ib ia l is  anter ior  and f i rs t  
dorsal  in terosseus muscles centra l  act ivat ion was kept  opt imal ,  but  
substant ia l  fa i lure occurred dur ing the la t ter  3 minutes.  Gandevia’s 
group was the only  one that  showed the development  of  centra l  
act ivat ion fa i lure (CAF) dur ing a susta ined maximal  contract ion in  
b iceps brachi i
4 9
.  They presented the super imposed force responses 
as a percentage of  the voluntary force.  This  method d id prov ide 
good ins ight  in to the development  of  centra l  fat igue,  but  d id not  
a l low quant i f icat ion of  force loss caused by CAF.  
Only a few studies exis t  invest igat ing the course of  both centra l  
and per ipheral  fat igue s imul taneously dur ing an isometr ic  
sustained MVC. Thomas et  a l .
1 6 8
 d id  measure both fat igue 
modal i t ies,  but  admit  that  the use of  super imposed M-waves does 
not  suf f ic ient ly  expose the per iphera l  contr ibut ion.  Their  second 
technique, e lectr ica l  s t imulat ion dur ing shor t  interrupt ions whi le 
cuf fs preserved the muscle in  an ischemic condi t ion,  d id prov ide a 
bet ter  measure of  per ipheral  fat igue.  These in terrupt ions were 
made wi th 1-min in tervals.  Quant i f icat ion of  per ipheral  fa t igue wi th 
a h igher  t ime resolut ion could be valuable.  
Quant i f icat ion of  the contr ibut ions of  both fa t igue modal i t ies 
dur ing maximal  ef for t  can be of  s igni f icance in a c l in ical  set t ing:  
many neuromuscular  pat ients compla in about  fa t igue.  Knowledge 
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concerning the factors responsib le for  fa t igue in  heal thy controls  
could contr ibute to the development  of  tools  for  a bet ter  
understanding of  the phenomena that  under l ie  the var ious fat igue 
compla ints that  are as yet  d i f f icu l t  to  grasp.  
Accordingly ,  the goal  o f  th is s tudy was to f ind the relat ive 
contr ibut ions of  centra l  and per iphera l  factors to  fat igue dur ing a 
maximal  susta ined 2-min voluntary contract ion in heal thy subjects 
us ing electr ica l  s t imulat ion and MFCV measurements 
s imul taneously .  The contr ibut ion of  centra l  factors was calculated 
by two d i f ferent  methods,  whose advantages and d isadvantages 
are d iscussed.  
Methods 
Subjects 
Twenty (13 male,  7  female)  heal thy subjects,  ranging in  age f rom 
19 to 53 years (mean 29.4 (9.2)  (SD) years) ,  par t ic ipated in  th is  
exper iment.  None of  these volunteers had a h is tory of  
neuromuscular  problems.  In  18 of  them sur face electromyography 
(SEMG) measurements were made (11 men,  7 women).  The 
protocol  was approved by the local  ethics commit tee.  Al l  subjects 
gave their  in formed consent .  
Experimental  set-up 
Force recording 
Subjects  sat  in a chair ,  their  le f t  arm f ixed in  an arm f lexor 
dynamometer  in  the hor izontal  posi t ion wi th the shoulder in  
abduct ion,  the elbow in a r ight  angle and the forearm supinated.  
The t runk was stabi l ized at  the thorac ic level .  Using stra in gauges,  
the force of  e lbow f lex ion was measured at  the wr is t .  Force was 
sampled at  a  rate of  2  kHz us ing an A/D board (Kei th ly  Metrabyte:  
DAS 1602),  low-pass f i l tered (1 kHz)  and stored on hard disk of  a  
s tandard PC for  of f - l ine analysis .  The maximal  resolut ion of  force 
measurement  was 0.1 N bi t
- 1
.  
SEMG recording 
SEMG measurement  was per formed wi th a mul t i  e lectrode array  
consist ing of  f ive electrodes that  were gold coated and p laced in  
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l ine (e lectrode d iameter  2 mm; in ter  e lectrode d is tance 3 mm).  The 
e lectrode array was p laced para l le l  to  the f ibre d i rect ion of  the 
b iceps brachi i  muscle,  d is ta l  to the motor  points  af ter  the sk in had 
been rubbed wi th electrode cream. A reference e lectrode was 
p laced at  the e lbow jo int .  To invest igate the accuracy of  the SEMG 
electrodes p lacement ,  cross corre lat ions between the bipolar  
s ignals  were determined on- l ine dur ing s l ight  contract ion.  
F ive monopolar  s ignals were ampl i f ied,  band-pass f i l tered (3.2-
800 Hz)  and A/D-conver ted (16 bi ts  wi th  a resolut ion of  0.5 mV bi t
- 1
 
a t  a  rate of  4  kHz/channel)  using a 64-channel  ampl i f ier  system 
(MARK 6,  Biosemi,  Amsterdam, The Nether lands) .  Data were 
stored on the hard d isk of  a  standard PC for  of f - l ine analysis  (see 
below).  
A custom-made t ime code generator  was connected between the 
PC used for  force record ings and the one used for  SEMG 
record ings in  order  to  synchronize force and SEMG data.  
Electr ical  st imulat ion 
Electr ical  endplate s t imulat ion was appl ied wi th a general  
purpose electr ica l  b io-st imulator ,  designed and manufactured by 
the local  Department  of  Technical  Engineer ing,  v ia  a sel f -adhesive 
93x8 mm (usual ly  shor tened to avoid co-st imulat ion of  o ther  
muscles) cathode over  both motor  points of  the media l  and la tera l  
head of  the b iceps brachi i  and an anode (∅  32 mm) (Teca NCS 
electrode system 2000) at  the prox imal   muscle bel ly .  
As the basic  ‘un i t  o f  s t imulat ion’  a  40-ms st imulus t ra in (ST) of  
f ive rectangular  pulses (each pulse had a durat ion of  100 ms),  wi th  
10-ms in tervals (100Hz) was used (Fig.  4 .1) .  Five STs were 
combined to form a st imulus event  (SE;  in ter- t ra in in terval  300 ms).  
So,  a SE lasted 1240 ms,  leading to f ive subsequent  force 
responses,  which were averaged.  This  average is  referred to as the 
force response.  St imulated force dur ing rest  (see below) was 
der ived f rom a SE wi th an in ter- t ra in in terval  o f  1  s .  From pi lo t  
exper iments i t  was concluded that  these st imulus character is t ics 
were appropr iate for  detect ing central  fa t igue wi thout  being too 
uncomfor table wi th reference to fu ture use in   large numbers of  
pat ients.  
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Before the exper iment ,  for  every subject  s t imulus opt imizat ion 
was per formed by s lowly increasing the in tensi ty ,  unt i l  no fur ther  
increase of  force response resul ted f rom the increase of  in tensi ty .  
A l l  SEs were g iven at  th is  intensi ty  level  (23-92 mA).  
Special  a t tent ion was g iven to prevent  possible co-st imulat ion of  
adjacent  muscles.  I f  co-st imulat ion was present ,  ident i f ied by  
palpat ing the muscle ( t r iceps or  del to id) ,  the anode was 
reposi t ioned.  
Protocol  
While the subject ’s  b iceps brachi i  muscle was relaxed an in i t ia l  SE 
was appl ied (Fig.  4.1) ,  which caused the in i t ia l  force response. 
Then,  the subject  per formed a sustained 2-min MVC of  the b iceps 
brachi i  muscle.  SEs were g iven every 15 s,  leading to 
super imposed force responses.  Loud verbal  encouragement  was 
g iven throughout the 2-min maximal  ef for t  and force was v isual ly  
fed back to the subject .  Immediate ly  af ter  the susta ined 
contract ion,  a f ina l  SE was appl ied,  resul t ing in  the f inal  force 
response.  
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Data analysis 
Force 
To be able to  use super imposed force ampl i tude as a measure of  
centra l  fat igue,  the ampl i tude has to be corrected for  the 
per ipheral ly  induced force decl ine.  Therefore,  the s ize of  the 
super imposed force dur ing a 2-min sustained contract ion was 
expressed in  two d i f ferent  ways:  
Method 1.  Relat ive to  the actual  voluntary force.  This actual  
vo luntary force was the force averaged from 2-s recordings,  
measured just  before the SE.  In  th is method:  
CAF_1
t
 = (F s x
t
 /  F s
b
)  /  (F
t
 /  F
0
)  *  100% 
where CAF_1
t
 is  the centra l  act ivat ion fa i lure at  t  s of  sustained 
contract ion;  F s x
t
 is  the ampl i tude of  the super imposed force 
response dur ing voluntary contract ion,  which was corrected for  
changes of  vo luntary force v ia l inear  in terpolat ion between the 
moment  of  s t imulat ion and 300 ms af ter ;  F s
b
 is  the ampl i tude of  the 
in i t ia l  force response (whi le  the arm was re laxed) ;  F
t
 is  the actual  
vo luntary force and F
0
 is  the voluntary force at  the beginning of  
sustained contract ion (see Fig.  4 .1) .   
Method 2.  As a percentage of  an est imated,  'expected '  
s t imulated force,  obta ined by l inear  in terpolat ion between the 
ampl i tudes of  the in i t ia l  and f inal  force responses,  thus:  
CAF_2
t
 = F s x
t
 /  (F s
b  
-  t /120 *  (F s
b
 -F s
e
) )  *  100% 
where F s
e
 is  the ampl i tude of  the f ina l  force response (whi le  the 
arm was relaxed;  see Fig.  4 .1) .  
To analyse changes in CAF over  t ime,  for  each subject  l inear  
regression was per formed.  Then, a s tudent ’s  t - test  was used to test  
i f  the average s lope of  a l l  subjects ’  regression l ines was larger 
than zero.  
From the in i t ia l  and f inal  force responses,  durat ion was def ined 
as the per iod for  which the force was higher  than hal f  maximum. 
Also maximal  contract ion and re laxat ion rates were determined,  
expressed as the amount of  force maximal ly  gained or  lost  per  
mi l l isecond (re lat ively to the force response ampl i tude).  A paired t -
test  was used to compare in i t ia l  and f ina l  force response 
parameters.  
Determin ing centra l  and per iphera l  factors 45 
One subject  was excluded f rom force analysis ,  because h is 
e lbow was not  proper ly  f ixed in the dynamometer and 
super imposed force responses deviated more than three standard 
deviat ions f rom the mean responses of  a l l  subjects.  
SEMG 
SEMG values used were calcu lated f rom 2 s at  the very 
beginning of  exercise and f rom 2 s of  data just  before st imulat ion.  
Cross corre lat ions f rom two b ipolar  s ignals  ( in ter-s ignal  d is tance 6 
mm) were determined according to Naei je  and Zorn
1 1 5
.  The 
combinat ion of  e lectrodes showing the h ighest  cross corre lat ion 
was chosen for  fur ther  analysis ,  but  only  i f  cross correlat ion 
exceeded 0.7.  MFCV was calculated f rom the phase d i f ference 
spectrum of  the two b ipolar  s ignals
9 8
.  This method determines a 
l inear least-squares f i t  to  the re lat ion between frequency and the 
phase di f ference between the two bipolar  s ignals.  From this  f i t  the 
t ime delay between these s ignals  can be calculated.  Relat ing th is 
delay to  the in ter-s ignal  d is tance leads to a MFCV value.  
The upper l imi t  o f  MFCV values was set  at  8  m s
- 1
,  based on 
physiological  l imi ts .  Three subjects  were excluded f rom SEMG 
analysis  s ince their  MFCVs exceeded th is  va lue at  least  three 
t imes.  Besides,  only  one measurement  showed such a h igh MFCV 
value.  
Signif icance 
For a l l  analyses,  an observat ion was regarded s igni f icant  when p 
≤  0 .05.  
Results 
Force 
Fig.  4.2 shows a typica l  example of  both voluntary and st imulated 
forces.  For  the whole group of  subjects ,  dur ing the 2 min of  
sustained MVC, voluntary force decl ined s igni f icant ly  f rom 214.2 
(80.1 SD) N to 79.6 (29.8)  N [38.2 (7.8)% of  in i t ia l  MVC] (F ig.  
4 .3A).  The decrease of  the voluntary force in the f i rs t  minute  
exceeded that  in  the second minute.   
46 Sect ion 2,  Chapter 4 
Force responses decreased signi f icant ly  f rom 14.8 (5.9)  N 
before,  to  6.8 (3.5)  N [45.0 (15.4)% of  the in i t ia l  s t imulated force]  
af ter  sustained MVC, so f rom that  perspect ive per ipheral  fa t igue 
was concluded to be responsib le for  a force decrease to 45.0 
(15.4)%. 
The in i t ia l  and f inal  force responses showed a s igni f icant  
increase of  durat ion f rom 125.1 (9.6)  ms to 211.2 (40.8)  ms [169.1 
(31.7)% of  in i t ia l  durat ion] ,  caused by both s igni f icant ly  reduced 
maximal  contract ion [ f rom 1.03 (0.21)% ms
- 1
 to 0.81 (0.12)% ms
- 1
]  
and relaxat ion rates [ f rom 0.60 (0.11)% ms
- 1
 to 0.35 (0.07)% ms
- 1
] .   
 
CAF showed a s igni f icant  increase dur ing 2-min susta ined MVC. 
This  was most  obvious when CAF was expressed by the f i rs t  
method (Fig.  4.3B).  Calculated v ia th is  method,  CAF_1 was found 
to increase f rom 18.1 (15.2)% af ter  15 s to  39.8 (39.9)% af ter  2-
min sustained contract ion.  When CAF was expressed by the 
second method (CAF_2) values f rom 16.9 (13.6)% to 29.0 (21.1)% 
were found respect ively .  
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F ig .  4 .2  Typ i ca l  s t imu la ted  and
supe r imposed  fo rces  (A ) .  The  uppe r  and
lower  pane l s  show  the  s t imu la ted  fo rce
be fo re  and  a f t e r  vo lun ta r y  con t rac t ion
respec t i ve l y .  The  m idd le  pane l  shows
supe r imposed  fo rces  du r ing  sus ta ined
con t rac t i on ,  wh i ch  have  been  co r rec ted
fo r  changes  o f  vo lun ta r y  f o rce  v ia  l i nea r
i n te rpo la t ion  be tween  the  moment  o f
s t imu la t i on  and  300  ms  la te r .  
Accompany ing  f o rce  p ro f i l e  o f  a  2 -m in
sus ta ined  max ima l  vo lun ta r y  con t rac t i on
(B )  i n  wh i ch  each  c i r c le  rep resen ts  t he
s ta r t  o f  a  s t imu lus  even t .  
A 
−50 0 50 100
0
50
100
150
Time (s)
Fo
rc
e 
(N
)
B 
Determin ing centra l  and per iphera l  factors 47 
I t  should be noted that  values of  CAF revealed much var iabi l i ty  
between subjects.  Whi le  some subjects showed a c lear  increase,  
others showed no increase or  even a decrease of  CAF.  
SEMG 
MFCV showed a mean decl ine f rom 5.0 (0.9)  m s
- 1
 d i rect ly  af ter  the 
star t  o f  2-min MVC to 2.9 (1.0)  m s
- 1
 a t  the end [59.9 (15.9)% of  
the in i t ia l  va lue] .  This  decl ine was fu l ly  real ized dur ing the f i rs t  
minute,  whi le  MFCV stayed constant  dur ing the last  minute of  
contract ion (F ig.  4.3C).  
F ig .  4 .3  Vo lun ta r y  f o r ce  dec l i ne ,
i nc rease  o f  cen t ra l  ac t i va t i on
fa i l u re  (CAF)and  dec rease  o f
musc le  f i b re  conduc t i on  ve loc i t y
(MFCV)  du r ing  a  2 -m in  sus ta ined
max ima l  vo lun ta r y  con t rac t i on .
Fo rce  i s  rep resen ted  re la t i ve l y  t o
MVC va lues  (A ) .  CAF  i s  exp ressed
acco rd ing  t o  two  d i f f e ren t
me thods :  as  the  s i ze  o f  t he
supe r imposed fo rce  response
re la t i ve  t o  t he  vo lun ta r y  fo r ce  j us t
be fo re  s t imu la t i on  (CAF_1 ;  c losed
squa res ) ,  and  as  t he  s i ze  o f  the
supe r imposed  fo rce  response
re la t i ve  to  the  es t ima ted  max ima l
f o rce  response  ob ta ined  v i a  l i nea r
i n te rpo la t ion  be tween  the  i n i t i a l
and  f i na l  f o rce  response  a t  r es t
(CAF_2 ;  open  squa res )  (B ) .  MFCV
c lea r l y  dec reases  du r i ng  t he  f i r s t
60  s ,  bu t  l eve ls  o f  i n  t he  l as t
pe r i od  o f  con t rac t i on  (C ) .  A l l
va lues  a re  means  (SEM) .  Fo r
vo lun ta r y  f o rce  and  CAF  n  =19 ,  fo r
MFCV n  =16 .
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Discussion 
The present  s tudy has shown that  per ipheral  and centra l  fa t igue do 
not  change in  paral le l  in  a sustained 2-min MVC of  the biceps 
brachi i .  Dur ing the f i rs t  minute the decl ine of  vo luntary force can 
be explained almost  exclusively by per iphera l  factors.  Af ter  about  1  
min,  however ,  per ipheral  fa t igue levels of f .  Then,  the fur ther  
decrease of  vo luntary force can a lmost to ta l ly  be at t r ibuted to 
centra l  fat igue.  
Our method does not  d is t inguish between force produced by the 
b iceps brachi i  and that  produced by other e lbow f lexors.  Al though 
the forearm was supinated,  which favours the use of  b iceps brachi i ,  
addi t ional  act iv i ty  of  o ther  muscles cannot  be exc luded.  For  the 
quant i f icat ion of  centra l  fa t igue only b iceps brachi i  has been 
st imulated.  This  is  suppor ted by Al len et  a l .
4
,  who repor ted no 
d i f ferences in  the amount  of  centra l  fa t igue between studies 
s t imulat ing just  the biceps brachi i  and studies addi t ional ly  
s t imulat ing brachioradial is .  
Loss of  voluntary force 
The in f luence of  both fa t igue modal i t ies resul ted in an MVC af ter  a 
2-min susta ined contract ion which was 38.2% of  the in i t ia l  value.  
The absolute amount  of  force loss was largest  dur ing the f i rs t  
minute.  The force curve's  shape was s imi lar  to  that  descr ibed by 
Gandevia et  a l .
4 9
,  who a lso invest igated 2-min susta ined MVC of  
the biceps brachi i ,  and those of  o thers descr ib ing d i f ferent  per iods 
of  sustained MVC of  the same muscle
1 1 3 , 1 8 6
.  
Peripheral  fat igue 
In  th is  s tudy,  force responses resul ted f rom tra ins of  f ive s t imul i .  
Therefore,  force responses were in termediate between twi tch and 
tetanic force responses.  The choice of  th is  st imulus protocol  was 
based on a pi lo t  study which showed that  the force el ic i ted by f ive 
s t imul i  was more than twice as high as a twi tch response and more 
than hal f  the response to a t ra in of  20 st imul i .  We therefore 
considered the behaviour  of  force responses to be comparable to  
te tanic  contract ions,  whi le  they were not  so uncomfor table that  
they inf luenced subjects ’  voluntary per formance.  
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 The s igni f icant  d i f ference in  ampl i tudes of  the force responses 
before and af ter  the fat iguing contract ions in  our  exper iment 
suggests a large per iphera l  contr ibut ion to fa t igue:  per iphera l  
fa t igue accounted for  a force loss to 45.0%, compared to a to ta l  
vo luntary force loss to 38.2%. This impl ies that  89.0% [=(100-
45.0) / (100-38.2) ]  o f  the force loss can be accredi ted to per iphera l  
changes.  The changes in the contract i le  propert ies and the 
metabol ic  environment  are a lso expressed by the increase of  
durat ion of  the s t imulated forces,  the decreases of  the rates of  
contract ion and re laxat ion and the s lowing down of  muscle f ibre 
conduct ion dur ing susta ined MVC. 
A large contr ibut ion of  per iphera l  factors was a lso found by 
Gandevia et  a l .
4 9
 a f ter  3-min susta ined MVC, who repor ted that  
vo luntary force decreased to 25.9%, whi le  st imulated force 
decreased to 29.5%. For  the ankle dors i f lexors,  Kent-Braun
7 8
 
reported that  about  80% of  the loss of  vo luntary force dur ing a 4-
min sustained contract ion could be at t r ibuted to per ipheral  factors.   
 
Assuming that  the changes in  MFCV ref lect  the metabol ic  s i tuat ion 
of  the muscle
1 6 , 2 9 , 9 7 , 1 0 5
,  i t  is  evident  f rom our  data that  th is  s trongly  
worsens in the f i rs t  par t  o f  the exercise.  In  the last  par t  o f  the 
contract ion no fur ther  changes of  the in tra-muscular  s i tuat ion 
occurs.  Using magnet ic  resonance spectroscopy,  Kent-Braun
7 8
 
showed the same pat tern for  changes in  metabol i tes for  the ankle 
dors i f lexors.  In  the l i terature,  at  the end of  a 65-s sustained MVC 
of  the b iceps brachi i  an increase of  MFCV has been shown
1 8 6
.  
Exper imenta l  ev idence indicated that  th is was because the 
decl in ing force a l lows par t ia l  restorat ion of  the blood f low.   
One could argue that  changes of  MFCV may be caused by 
changes in the motor uni t  recru i tment  pat tern (e.g.  by derecru i t ing 
the fast  conduct ing type I I  f ibres) ,  which has a centra l  or ig in .  
However,  based on Zwarts et  a l .
1 8 9
,  i t  does not  seem l ikely  that  the 
MFCV decl ine caused by central  factors exceeds 0.5 m s
- 1
,  where 
we found a total  decl ine of  2 .1 m s
- 1
.  Besides,  the larger  par t  of  the 
decl ine was found in  the f i rs t  minute of  the sustained contract ion,  
where no centra l  act ivat ion changes were seen.  Thus,  per iphera l  
factors lead to a decrease of  voluntary force especial ly  in the f i rs t  
minute of  contract ion.  Then, the decl ine of  voluntary force 
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cont inues a l though per iphera l  components s tabi l ize.  This  ongoing 
loss of  voluntary force can be expla ined by the increased CAF 
dur ing th is per iod (see Fig.  4 .3B and below).  
Central  fat igue 
The present  s tudy is the f i rs t  to  repor t  the amount  of  force loss in  
b iceps brachi i  because of  centra l  act ivat ion fa i lure dur ing a 
sustained contract ion.  Most  ear l ier  work was l imi ted to va lues at  
the beginning and end of  a susta ined contract ion
7 8 , 8 0
.  Gandevia et  
a l .
4 9
 d id  present  a study wi th data measured dur ing the contract ion,  
but  their  method of  data presentat ion d id not  easi ly  a l low 
in terpretat ion in  terms of  the amount of  force lost .  Thomas et  a l .
1 6 8
 
showed the amount  of  CAF in t ib ia l is  anter ior  and f i rs t  dorsal  
in terosseus muscles dur ing long sustained maximal  vo luntary 
contract ions.   
The ear l ier  s tudies showed smal ler  amounts of  centra l  fat igue.  
Since centra l  act ivat ion is  known to d i f fer  between muscles,  only  a 
t rue compar ison can be made wi th other  s tudies invest igat ing 
b iceps brachi i .  Invest igat ing f ive heal thy subjects  dur ing shor t  
maximal  contract ions in  severa l  sessions,  Al len et  a l .
4
 presented 
CAFs of  the same muscle between 0 and 22%. Gandevia et  a l .
4 9
,  
who a lso studied susta ined maximal  contract ion of  b iceps brachi i ,  
found mean values of  0.7% at  the beginning and 9.3% af ter  3 min 
sustained MVC in s ix  heal thy subjects.  Why these values are 
smal ler  than the ones showed in  the present  s tudy is  unclear .  
However,  because inter-subject  d i f ferences are large,  conf idence 
in tervals  s t i l l  show over lap.  
 
Using super imposed force responses to est imate the amount  of  
fa i lure of  central  dr ive dur ing the fat iguing contract ion was 
compl icated by the fact  that  per iphera l  fa t igue caused a decrease 
of  the maximal ly possib le force response.  This means that  " the 
ru ler  to  measure the centra l  fa t igue changed length dur ing the 
contract ion" .  To compensate for  th is d is turb ing inf luence of  
per ipheral  fa t igue,  we normal ized the super imposed force 
response:  (1)  by compar ing i t  wi th the actual  voluntary force and 
(2)  by comparing i t  wi th  the est imated l inear ly in terpolated 
st imulated force.  
Determin ing centra l  and per iphera l  factors 51 
Both methods resul ted in  a s igni f icant  increase of  CAF dur ing 
sustained MVC, especial ly  in  the last  minute (Fig.  4.3B).  Dur ing the 
f i rs t  minute,  centra l  act ivat ion was submaximal ,  but  only  per iphera l  
fa t igue contr ibuted to the actual  decl ine of  voluntary force.  In the 
last  minute,  central  fat igue was responsib le for  a fur ther  decrease 
of  MVC. I t  is  in terest ing to d iscuss the possible advantages and 
d isadvantages of  the two di f ferent  methods used to calculate CAF.  
In  the f i rst  method, which was used by Thomas et  a l .
1 6 8
,  a  
super imposed force response is compared wi th the actual  vo luntary 
force le f t  in  spi te of  the fat igue that  has a lready occurred.  
However,  both per ipheral  and centra l  factors have in f luenced th is 
vo luntary force.  Therefore,  the correct ion made in  th is  way is  not  
purely  a correct ion for  force loss caused by per iphera l  factors,  but 
is  a lso in f luenced by CAF i tse l f .  This  means that  the f i rs t  method 
wi l l  resul t  in  an over-est imat ion of  CAF.  The s ize of  th is  over-
est imat ion increases wi th increasing CAF.  
The second method,  which uses l inear  interpolat ion between the 
in i t ia l  and f inal  force responses,  avoids th is  problem. In terpolat ion 
a l lows us to est imate force responses which are only  in f luenced by 
per ipheral  fa t igue and which would have been obta ined at  an 
arb i t rary  moment  dur ing the fat iguing contract ion.  However,  as 
concluded above f rom MFCV changes,  in fact  per ipheral  fa t igue 
appears not  to increase l inear ly throughout 2-min susta ined 
contract ion.  Therefore,  apart  f rom the moments at  the beginning 
and at  the end of  contract ion,  CAF_2 most  probably uses an 
underest imat ion of  per iphera l  fa t igue dur ing the whole contract ion.  
This  means that  the force response super imposed on MVC is  being 
compared to an est imated force response that  is  h igher  than i t  
actual ly  should be,  leading to an underest imat ion of  CAF_2.  This  
underest imat ion must be highest  af ter  about  1 min of  contract ion,  
s ince then the d i f ference between the per iphera l  fa t igue est imated 
by l inear  in terpolat ion and the actual  per iphera l  fa t igue seems 
largest .  However,  especia l ly  at  the beginning and at  the end of  
contract ion the error  of  CAF_2 wi l l  be smal l ,  whi le the error  of  
CAF_1 increases over t ime.  
In  conclus ion,  expressing CAF by the second method appears to 
g ive the most  val id  measure of  centra l  fa t igue dur ing a sustained 
MVC. Using th is  method,  i t  was found that  af ter  15 s of  sustained 
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MVC CAF was 16.9 (13.6)%, which increased by 12.1% to 29.0 
(21.1)% at  the end of  the contract ion.  Together  wi th the per iphera l  
fa t igue which already accounted for  89.0%, th is  12.1% increase of  
CAF clear ly  explained the tota l  loss of  force dur ing a 2-min 
sustained contract ion.  
As a lready ment ioned above,  in  the second method of  ca lculat ing 
CAF i t  was assumed that  per iphera l  fa t igue would develop l inear ly .  
However,  f rom MFCV measurements i t  was concluded that  the 
course of  per ipheral  fa t igue was more complex.  Therefore,  we are 
current ly  invest igat ing whether MFCV can be used d irect ly  to  
quant i fy  the amount  of  per ipheral  fa t igue dur ing a sustained 
contract ion.  Then,  centra l  fat igue could be est imated more 
prec isely .  
Conclusions 
Expressing CAF by compar ing the actual  super imposed force 
response wi th an est imated force response only in f luenced by 
per ipheral  factors gives the most re l iable quant i f icat ion of  centra l  
fa t igue.  In th is way,  we were able to determine the relat ive 
contr ibut ions of  per ipheral  and centra l  factors to  fat igue dur ing a 
sustained contract ion.  I t  can be concluded that  in  heal thy subjects 
per ipheral  fat igue dominates,  but  central  factors become more 
prominent,  dur ing longer sustained isometr ic contract ions.  This  
sequence makes sense,  because in  the f i rs t  par t  o f  the contract ion 
the output  of  the muscle is  h ighest ,  combined wi th a h igh metabol ic  
demand and occluded b lood f low,  resul t ing in  maximal  demands on 
the muscle.  In  the second hal f  o f  the contract ion,  i t  seems that  the 
cont inuous and repet i t ive f i r ing of  neurons accompanying the 
centra l  command is  increasingly  d i f f icul t  to  mainta in.  The precise 
neurological  level(s)  at  which th is  CAF occurs s t i l l  has to be 
determined.  In  th is  respect  i t  would be in terest ing to see how this  
in terplay between centra l  and per iphera l  factors ensues in  d i f ferent  
types of  contract ion.  Future s tudies including d i f ferent  pat ient  
populat ions may reveal  the impact  of  both aspects of  fat igue in 
severa l  d iseases.  
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Abstract 
In  the study of  fat igue,  severa l  methods have been used to 
calculate the development of  centra l  act ivat ion fa i lure (CAF) and 
per ipheral  fat igue (PF) in  the course of  a susta ined maximal  
vo luntary contract ion (MVC).  This  paper  presents a model ,  which 
enables s imul taneous determinat ion of  CAF and PF dur ing 
sustained MVC, by only using force regis trat ion and super imposed 
e lectr ica l  st imulat ion.  In  the model ,  we expl ic i t ly  use the 
assumpt ion,  which is  v i r tual ly  a lways made impl ic i t ly  in  ear l ier  
s tudies,  that  a constant  re lat ive f ract ion of  maximal  possib le force 
is  act ivated by the e lectr ica l  s t imulat ion.  That  f ract ion can be 
determined at  the star t  and at  the end of  a sustained MVC. The 
model  shows that  in  the course of  a  susta ined MVC, CAF can be 
calculated by merely  us ing ( i )  th is  f ract ion,  ( i i )  the ampl i tudes of  
the super imposed force responses to st imulat ion and ( i i i )  the 
course of  vo luntary force.  Af ter  CAF quant i f icat ion,  the 
development  of  PF dur ing MVC becomes avai lable as wel l .  
The present s tudy f i rs t  examines the model  assumpt ion wi th data 
of  sustained MVCs of  var iable durat ions on s ix  heal thy subjects.  
Subsequent ly ,  i t  shows CAF values in  a group of  27 heal thy 
subjects  determined both wi th the model  and wi th a method of  
l inear  in terpolat ion for  PF est imat ion.  Model  based CAF values 
were s igni f icant ly  h igher  dur ing,  but  not  at  the s tar t  and at  the end 
of  a  2-min sustained MVC. Next  to a wel l  just i f ied CAF 
determinat ion,  the model  has the advantage of  s imul taneously 
quant i fy ing PF, which was not  possib le wi th the prev ious methods.  
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Introduction 
Physio logical  fa t igue is  usual ly  def ined as a loss of  maximum 
force-generat ing capaci ty
7 8
.  On the basis  of  the s i te  of  the or ig in of  
force loss,  causes of  fat igue can be d iv ided in to per iphera l  and 
centra l  factors,  whereby neuromuscular  junct ions and muscle 
t issue are regarded as the per ipheral  s i tes and the "h igher"  
systems as the central  s i tes.  Dur ing a sustained maximal  vo luntary 
contract ion (MVC),  both factors in f luence the course of  voluntary 
force.  Separat ing the contr ibut ions of  per ipheral  and central  factors 
to  a force decl ine is  compl icated.  
Per iphera l  fat igue (PF) has general ly  been measured by 
comparing the force responses to electr ica l  s t imulat ion before and 
af ter  a fat iguing exerc ise.  Quant i f icat ion of  PF expressed in  
re lat ive force decl ine dur ing a sustained contract ion has not  been 
possible.  
To determine the contr ibut ion of  centra l  factors to fa t igue,  
severa l  studies have used var iants of  the twi tch in terpolat ion 
technique:  a combinat ion of  MVC and electr ical  nerve st imulat ion
4 8
.  
Force responses to s t imul i  super imposed dur ing sustained MVC are 
used as ind icators of  the amount  of  central  act ivat ion fa i lure (CAF).  
The ampl i tude of  these super imposed force responses,  however,  is  
not  only  inf luenced by the amount  of  centra l  act ivat ion,  but  a lso by 
the current  amount  of  PF
9 3
.  Some authors neglected th is  d is turb ing 
factor
1 5 2 , 1 5 3 , 1 6 8
,  whereas others developed methods to avoid or  
handle i t
1 3 , 2 3 , 8 0 , 8 2
.  In  ear l ier  studies by our  group
1 4 0 , 1 4 1
,  we 
assumed PF to induce a l inear ly  decl in ing force dur ing sustained 
MVC. Such assumpt ion,  however ,  is  not  based on physio logical  
ev idence.  
 
In  th is paper  we deduce a model  to  s imul taneously  ca lculate CAF 
and PF dur ing a susta ined MVC. Electr ica l  s t imulat ion dur ing rest  
usual ly  act ivates only  par t  o f  the muscle t issue.  Al l  s tudies 
determin ing CAF impl ic i t ly  assume that  th is  force response is 
representat ive for  the force response that  would have been 
obta ined i f  the tota l  muscle t issue were act ivated.  Indeed,  Big land-
Ri tch ie and coworkers
1 1
 descr ibe how in the unfat igued state the 
s ize of  super imposed force responses to s ingle twi tches responds 
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near ly  l inear ly  to the performed leve l  of  MVC. The contr ibut ion of  
PF to the force response to s t imulat ion is  thus assumed to be 
propor t ional  to  i ts  contr ibut ion to to ta l  muscle force.  I f  th is 
assumpt ion is recognized more expl ic i t ly ,  i t  can be used to 
determine the contr ibut ion of  both central  and per iphera l  factors to  
fa t igue dur ing a sustained MVC. 
The l inear approach and the newly presented method are 
evaluated wi th exper imental  MVCs of  var iable durat ion.  In addi t ion,  
CAF values determined wi th both methods f rom 2-min susta ined 
MVCs wi l l  be compared.  
Materials and methods 
Model  development 
Dur ing a susta ined MVC wi th addi t ional  e lectr ica l  s t imulat ion (F ig.  
5 .1) ,  CAF at  t ime point  t  can be determined by  
t
s
t
sxt
F
F
CAF =         (1) .  
CAF
t
 can vary between 0 and 1.  I t  represents the f ract ion of  
maximal  possible force that  is  not  act ivated voluntar i ly .  A higher  
va lue indicates a larger  fa i lure of  central  act ivat ion.  F s x
t
 represents 
the ampl i tude of  the force added by super imposed electr ical  
s t imulat ion (F ig.  5 .1) .  F s
t
 is  the maximal ly  possible force response 
on electr ica l  s t imulat ion.  I t  would occur  i f  CAF
t
 were 1,  in  case 
voluntary centra l  act ivat ion was absent  ( i .e. ,  dur ing rest) .  
F s x
t
 can be measured dur ing the exercise,  but  obviously  there is  
no possib i l i ty  to  d i rect ly  measure F s
t
.  The essence of  CAF 
determinat ion is to  est imate F s
t
 despi te  th is  inaccessib i l i ty .  
 
A l l  s tudies in to CAF impl ic i t ly  assume that  the re lat ive f ract ion of  
maximal ly  possible muscle force that  can be produced wi th the 
speci f ic  st imulat ion parameters is  constant .  Wi th β  as th is  re lat ive 
f ract ion,  th is  assumpt ion can be wr i t ten as 
constant    with ==⋅= βββ ttm
tt
s FF   
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F ig .  5 .1 .  Schemat i c  v i ew  on  sus ta ined  max ima l  vo lun ta r y  con t rac t i on  (MVC)
w i th  va r i ab le  de f i n i t i ons .  F ,  f o rce  p roduced  vo lun ta r i l y ;  Fm ,  max ima l l y  poss ib le
fo rce ;  F s x ,  f o r ce  added  by  supe r imposed  e lec t r i ca l  s t imu la t i on ;  F s ,  max ima l l y
poss ib le  f o rce  response  on  e lec t r i ca l  s t imu la t ion ;  CAF
t
,  cen t ra l  ac t i va t ion
fa i l u re .  Do t ted  l i ne  connec t i ng  F s
0
 and  F s
T
 rep resen ts  F s
t
es t ima ted  v i a  the
mode l ,  t he  dash -do t  l i ne  v i a  t he  me thod  o f  l i nea r  i n te rpo la t i on .  
Fm
t
 represents the maximal ly possib le force,  which is  the 
voluntary force that  would be produced i f  CAF
t
 were zero (F ig.  5 .1) .   
 
At  f i rs t  s ight ,  expl ic i t ly  s tat ing th is  assumpt ion seems not  to  be 
very helpful  in  the est imat ion of  F s
t
,  because nei ther  β  nor  Fm
t
 can 
be measured d irect ly  dur ing ongoing exercise.  However,  the values 
of  β
t
 = β  and Fm
t
 can be determined.  Because we assume β  to be 
independent  of  t ime,  determining β
t
 a t  any t ime  t  should be 
suf f ic ient .  In  pract ice,  i t  can be calculated at  two moments in  t ime,  
namely d i rect ly  at  the star t  (β
0
)  and at  the end (β
T
)  o f  the 
contract ion.  
 
Direct ly  at  the star t  of  contract ion β  is  def ined as:   
0
0
m
b
s
F
F
=β         (2) .  
 
Time 
Fm
0 
Fm
t
Fm
T
F
0 
F
t 
F
T
Fsx
0
Fsx
T
Fsx
t
Fs
0
Fs
TFs
t
Fs
b 
Fs
e 
CAF
t
.Fm
t 
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F s
b
 ( i .e .  the force response to an e lectr ical  s t imulus dur ing rest  
before MVC, Fig.  5 .1)  can be measured direct ly .  
We know that :  
( ) tmtt FCAFF ⋅−= 1         (3) ,  
in  which F
t
 is  the force voluntar i ly  produced (Fig.  5.1) ,  and 
therefore at  the star t  o f  exercise:  
0
0
0
1 CAF
F
Fm
−
=         (3a) .  
S ince  
0
0
0
s
sx
F
F
CAF =          (1a) ,  
equat ion (3a)  can be rewri t ten as 
00
0
0
1
ssx
m
FF
F
F
−
=         (4) .  
F s
0
 is  supposed to be equal  to  F s
b
 (Fig.  5 .1) .  Combin ing equat ions 
(2)  and (4)  and subst i tu t ing F s
b
 for  F s
0
 resul ts  in  
b
s
sx
b
s
b
s
b
s
sx
b
s
b
ssx
b
s
FF
FF
F
F
F
F
F
F
FFF
F
⋅
⋅
−=








−⋅=
−
=
0
0
0
0
000
0 1
)/1/(
β   (5) .  
This  can be rewr i t ten as 
0
0
0
0
0
0
0
0
F
FF
FF
FFFF
FF
FF
FF
FF sx
b
s
b
s
sx
b
s
b
s
b
s
b
s
sx
b
s
b
s
b
s
b
s −
=
⋅
⋅−⋅
=
⋅
⋅
−
⋅
⋅
=β   (6) .  
In  words:  the denominator  F
0
 represents the maximal  voluntary  
force,  which is  the maximal  possible force (Fm
0
)  minus the force 
' lost '  because of  the presence of  centra l  act ivat ion fa i lure 
(CAF
0
.Fm
0
,  see Fig.  5 .1) .  The numerator  represents the maximal  
possible s t imulated force minus the amount  of  force that  can be 
added to F
0
 by e lectr ica l  s t imulat ion because of  CAF. Via equat ion 
(6) ,  β
0
 can be determined using three var iables that  can a l l  be 
measured d irect ly .  
S imi lar ly ,  β
T
 can be determined (F ig.  5.1)  v ia  
T
T
sx
e
sT
F
FF −
=β        (6a) .  
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Now that  we know how β can be calculated at  t ime 0 and t ime T ,  
we wi l l  der ive the consequences for  the CAF
t
 determinat ion.  
Combin ing the expl ic i t  assumpt ion wi th equat ion 1 leads to 
t
m
t
sxt
F
F
CAF
⋅
=
β
       (7) .  
S ince  
tt
m
tt
m CAFFFF ⋅+=  (see Fig.  5 .1)  
equat ion (7)  can be rewr i t ten as 
)( t
t
m
t
t
sxt
CAFFF
F
CAF
⋅+⋅
=
β
      (7a) .  
Combin ing equat ion (7a)  wi th equat ion (1)  g ives 
)/()/(
t
s
t
m
t
sx
t
t
sx
t
s
t
sx
t
m
t
t
sxt
FFFF
F
FFFF
F
CAF
⋅+⋅
=
⋅+⋅
=
ββ
  (7b) .  
Wi th the use of  the expl ic i t  assumpt ion tm
tt
s FF ⋅= β ,  th is resul ts  in  
)/1( ββ ⋅+⋅
=
t
sx
t
t
sxt
FF
F
CAF       (8) .  
 
Having calculated values for  CAF and β,  PF dur ing MVC can be 
determined:   
b
s
tt
b
s
t
m
b
s
t
st
F
CAFF
F
F
F
F
PF
)1/(
111
−⋅
−=
⋅
−=−=
ββ
   (9) .  
Af ter  a last  s impl i f icat ion in  wr i t ing,  equat ions (8)  and (9)  resul t  
in  the fo l lowing equat ions to determine CAF and PF:  
t
sx
t
t
sxt
FF
F
CAF
+⋅
=
β
       (8a) ,  
and 
b
s
t
t
t
FCAF
F
PF
⋅−
⋅
−=
)1(
1
β
      (9a) .  
In  fact ,  to determine CAF
t
,  the ampl i tude of  F s
t
 (see equat ion (1)  
and Fig.  5.1)  is  now est imated by β.F
t
 + F s x
t
.  When β has been 
determined as descr ibed above wi th equat ions (6)  and/or  (6a) ,  the 
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manageable descr ipt ions (8a)  and (9a)  can be used to calculate 
CAF and PF values dur ing a sustained MVC at  any moment  at  
which electr ical  s t imulat ion is  appl ied.  
Experimental  procedures 
Experiment 1 
The f i rst  exper iment was designed to test  the val id i ty  of  the 
assumpt ion of  a  constant  β over  t ime.  In addi t ion,  i t  prov ides the 
possibi l i ty  to  test  i f  PF can be assumed to develop l inear ly,  as 
supposed in  our  former s tudies.  This  is  a lso re levant because CAF 
values obta ined wi th both methods wi l l  be compared in  Exper iment  
2.  
S ix  heal thy subjects (age 22.4 (SD 1.5) ;  5  women,  1 man) were 
recru i ted for  th is  exper iment .  They gave their  in formed consent  
before the f i rs t  exper iment.  The protocol  was approved by the local 
e th ics commit tee "Commissie Mensgebonden Onderzoek Regio 
Arnhem-Ni jmegen".  The exper imenta l  setup has been descr ibed in  
deta i l  e lsewhere
1 4 0 , 1 4 1
.  In  our  former studies,  subjects  made a 
s ingle 2-min sustained MVC of  the elbow f lexor  muscles.  In the 
present  exper iment ,  t r ia ls  of  15,  30,  45,  …, and 105s MVC (8 
levels)  were a lso made.   
In  shor t ,  subjects were instructed to make a sustained MVC of  
the ir  b iceps brachi i  muscle.  Before and d irect ly  af ter  contract ion,  a 
s t imulus event  (descr ibed below) was appl ied to the re laxed muscle 
at  the endplate region.  Dur ing MVC, s t imulus events were appl ied 
every 15 s,  s tar t ing di rect ly  af ter  the s tar t  o f  contract ion.  The last  
s t imulus event  was g iven just  before cessat ion of  the voluntary 
contract ion.  A st imulus event (F ig.  4.1)  consisted of  f ive t imes a 
f ive-pulse 100-Hz t ra in (durat ion 40 ms).  Pulse durat ion was 100 
µs.  The average of  the f ive responses to such a shor t  t ra in is  
referred to as ' the force response'  and is  used for  analysis .  Dur ing 
voluntary contract ion the in ter t ra in in terval  was 300 ms; dur ing rest  
the in ter t ra in in terval  was 1,000 ms. Pi lo t  exper iments had shown 
that  these in ter t ra in in tervals  were appropr iate to  avoid fusion of  
the s ingle force responses.  Before the star t  of  the protocol ,  the 
locat ion of  the motor points  was determined.  Then the current  was 
increased unt i l  the force d id not  r ise anymore.  This in tensi ty  was 
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used in  a l l  s t imulus events.  The in i t ia l  s t imulus event  was not  
preceded by a shor t  voluntary contract ion,  because p i lo t  
exper iments showed that  potent ia t ion did not  occur wi th th is type 
of  st imulus event .  
The subsequent  t r ia ls  were separated at  least  2 days,  and the 
e ight  t r ia ls had a random order .  Subjects  were not  in formed about  
the durat ion of  the contract ion,  but  they knew i t  would be in  
between 15 s and 2 min.  To keep in ter t r ia l  var iabi l i ty  as low as 
possible,  for  every subject  chai r  height  and ergometer  set t ings 
were kept  constant .  The locat ion of  the e lectrodes for  st imulat ion 
s tayed marked on the subjects ’  arms dur ing the per iod of  the 
complete set  of  exper iments.  
 
To test  the assumpt ion of  a  constant  β ,  th is var iable was 
determined both at  the s tar t  (β
0
)  and at  the end (β
t
;  t  =  
15,30,…,120 s)  of  every t r ia l .  For  each indiv idual ,  β
t
 /  β
0
 was 
p lot ted vs.  t .  Least-squares l inear  regression analysis tested s lope 
(≠ 0)  s igni f icance.  The same procedure was performed on the 
averaged data f rom the s ix  subjects.  
To test  the val id i ty  of  the assumpt ion of  a  l inear  increase of  PF, 
we tested whether  F s
t
 dec l ined l inear ly  wi th t ime ( t  = 15,30,…,120 
s)  dur ing MVC. To reduce in ter t r ia l  var iabi l i ty ,  re lat ive values (F s
t
 
/F s
b
)  were calcu lated f rom data wi th in each t r ia l .  For  each 
indiv idual ,  a  l inear ( trqFF
b
s
t
s ⋅+= ) ,  a  second-order  polynomial  
( 2tstrqFF
b
s
t
s ⋅+⋅+= ) ,  an exponent ia l  (
tsb
s
t
s erqFF
⋅
⋅+= )  and a 
power funct ion ( s
b
s
t
s trqFF ⋅+= )  were f i t  v ia the least-squares 
technique.  F tests  were used to determine whether  one or  more of  
the three-parameter  funct ions (exponent ia l ,  second-order 
polynomial  and power)  were bet ter  than the two-parameter  funct ion 
( l inear) .  The same analysis  was done on the averaged data of  a l l  
subjects.  R
2
 o f  the l inear  f i t  was a lso determined.  
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Experiment 2 
Both the l inear  in terpolat ion method and the newly presented 
method were appl ied on data of  a  2-min susta ined MVC wi th  
e lectr ica l  st imulat ion.  Therefore,  data of  27 heal thy subjects (age:  
39.8 (SD 14.3) ;  15 women,  12 men) were used.  The data f rom 
some of  these subjects  were presented in  our  ear l ier  studies 
1 4 0 , 1 4 1
.  
The protocol  was the same as descr ibed for  exper iment  1.  
Both β
0
 and β
T
 were determined v ia equat ions (6)  and (6a),  
respect ively .  Values were compared wi th a paired-samples t - test .  
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F ig .  5 .2 .  Re la t i ve  va lues  o f  β t  a t  the  end  o f  sus ta ined  MVCs  o f  va r i ab le
du ra t ions  ( t  =  0 ,  15 ,  30 ,  …,  120  s )  as  a  f r ac t ion  o f  t he  va lue  o f  β  a t  t  =  0  s .  β
rep resen ts  the  f r ac t i on  o f  t he  musc le  tha t  i s  ac t i va ted  by  e lec t r i ca l  s t imu la t ion ,
so  a  change  o f  β t /β0  t o  va lues  no t  equa l  1  wou ld  ind ica te  a  change  o f  β  w i t h
fa t i gue .  Each  pane l  shows  an  i nd iv idua l  sub jec t .  So l id  l i nes  show  l i nea r  f i t s .
Excep t  fo r  sub jec t  5 ,  s l opes  o f  t hese  f i t s  do  no t  s i gn i f i can t l y  d ev ia te  f rom 0 .  I n
a l l  sub jec ts ,  t he  po in t  o f  c ross  sec t i on ing  t he  y -ax is  does  no t  s i gn i f i can t l y
dev ia te  f r om 1 .  
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Least-squares l inear  regression determined the re lat ion between β
0
 
and β
T
.  
For  comput ing CAF and PF v ia the model ,  for  each subject  the 
mean of  β
0
 and β
T
 was used in equat ions (8a)  and (9a) .  Possib le 
d i f ferences between CAF values determined wi th the model  and the 
method of  l inear  in terpolat ion were tested wi th mul t ip le  paired-
samples t - tests.  The model  prov ided PF values at  any moment 
dur ing the contract ion at  which a s t imulus event  was g iven.  The 
l inear  interpolat ion method only uses in format ion about  per iphera l  
fa t igue af ter  f in ishing the 2-min sustained contract ions.  Obviously ,  
the l inear in terpolat ion also g ives an est imate for  PF at  any 
moment  dur ing contract ion.  PF values obta ined by both methods 
dur ing susta ined 2-min MVC were compared wi th mul t ip le  paired t -
tests.  
Stat ist ics 
Dif ferences were regarded s igni f icant  i f  p  < 0.05.  Regression 
analyses and paired-samples t - tests were per formed wi th the 
Stat is t ica l  Package for  the Socia l  Sciences (SPSS) 12.0.1;  F tests 
were done wi th Mat lab 6.5 (The MathWorks) .  
Results 
Experiment 1 
Data of  each indiv idual  col lected f rom the e ight  t r ia ls  of  MVC of  
var iable durat ion are presented in  F ig.  5 .2 and 5.3.  
F ig.  5.2 shows the course of  β
t
/β
0
.  In a l l  but  one subject ,  the 
s lope of  the l inear  f i t  was not  s igni f icant ly  d i f ferent  f rom zero.  In 
subject  5,  the s lope was negat ive (p = 0.027).  Mean R
2
 o f  the 
l inear  f i t  was 0.25 (SD 0.18) ,  a lso ind icat ing the lack of  a  l inear  
t rend wi th t ime.  When al l  subjects  were averaged,  trqt ⋅+=0ββ  
f i t ted best  wi th  q = 1.09 and r  = -0.068.  I f  β
t
/β
0
 had been per fect ly  
constant ,  q  and r  would be 1 and 0,  respect ive ly .  The 95% 
conf idence in terval  o f  q was 0.98 – 1.20;  the 95% conf idence 
in terval  o f  r  was –0.221 to +0.085.  Thus tt ⋅+= 010ββ  d id  not  
descr ibe the re lat ion s igni f icant ly  worse than the best  f i t .  
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F ig .  5 .3 .  Re la t i ve  amp l i t udes  o f  F s
t
(F ig .  5 .1 )  measu red  a t  the  end  o f  sus ta ined
MVCs  o f  va r iab le  du ra t i ons .  B lack  do ts  show  the  amp l i t udes  o f  t he  f i na l  f o rce
responses  du r ing  res t  a f t e r  t he  MVCs  as  a  f r ac t ion  o f  t he  amp l i t udes  o f  t he
in i t i a l  f o rce  responses .  Each  pane l  p resen ts  an  i nd iv i dua l  sub jec t .  So l i d  l i nes
rep resen t  l i nea r  f i t s ;  do t ted  l i nes ,  second  o rde r  po l ynomia l  f i t s ;  dash -do t  l i nes ,
exponen t ia l  f i t s ;  dashed  l i nes ,  power  f i t s .  I n  a l l  sub jec ts  bu t  sub jec t  5  the  3 -
pa rame te r  f unc t i ons  we re  no t  s i gn i f i can t l y  be t t e r  t han  the  l i nea r  one .  I n  tha t
sub jec t ,  bo th  a  second -o rde r  po l ynomia l  and  an  exponen t i a l  f i t  d id  s ign i f i can t l y
be t t e r  t han  a  l i nea r  f i t .  
With respect  to  PF,  in  f ive of  the s ix ind iv idual  subjects,  nei ther  
a second-order polynomial  nor an exponent ia l  or  power funct ion 
descr ibed i ts  course s igni f icant ly  bet ter  than the l inear funct ion 
(F ig.  5 .3) .  Mean R
2
 o f  the l inear  f i t  was 0.75 (SD 0.18) .  In  one 
subject  (subject  5)  both a second-order  polynomial  and an 
exponent ia l  f i t  were s igni f icant ly  bet ter  than a l inear  f i t  (p  = 0.025 
and p = 0.044,  respect ive ly) .  Averaged data of  the s ix  subjects 
were best  descr ibed by a second order  polynomial  f i t  
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Experiment 2 
In  the group of  27 subjects  who made a 2-min susta ined MVC, a  
paired samples t - test  showed that  β
T
 was not  s igni f icant ly  d i f ferent  
f rom β
0
.  Values of  β
0
 and β
T
 corre lated s igni f icant ly  (p = 0.022,  R = 
0.44;  F ig.  5 .4) .  Data presented in  Fig.  5 .4 were best  descr ibed by 
0ββ ⋅+= rqT  wi th  q = 0.028,  and r  = 0.708.  The 95% conf idence 
in tervals  of  q  and r  were –0.022 to +0.077 and 0.112 – 1.305,  
respect ively ,  and thus included 0 and 1.  This  means that ,  wi th in a 
considerable scat ter ,  β
T
 =  β
0
 can be considered val id.  
 
CAF values dur ing a 2-min susta ined MVC calculated v ia the two 
d i f ferent  methods are presented in  Fig.  5 .5.  Except  for  CAF at  the 
s tar t  and at  the end of  sustained MVC, CAF determined wi th the 
model  was s igni f icant ly  h igher  than wi th the l inear  method.  
F ig.  5 .6 shows values of  PF dur ing the susta ined MVC. As is 
obvious,  PF develops l inear ly  v ia  the method of  l inear 
in terpolat ion.  The curved l ine shows PF calculated accord ing to the 
presented model .  Except  for  PF at  the star t  and at  the end of  
sustained MVC, PF was s igni f icant ly  h igher  i f  est imated v ia the 
model  than using the l inear  method.  
F ig . 5 .4 .  Co r re la t i on
be tween  β
T
 and  β
0
.  These
va r iab les  rep resen t  t he
f rac t i on  o f  the  musc le  tha t
can  be  ac t i va ted  b y
e lec t r i ca l  s t imu la t ion  a t  t he
end  and  t he  s ta r t  o f  a  2 -m in
sus ta ined  MVC,  respec t i ve l y .
The  leas t -squa res  me thod
de te rm ined  t he  bes t  da ta
desc r ip t i on  to  be  β
T
 =  0 .028
+  0 .708β
0
( so l i d  l i ne ) .
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0
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Discussion 
In  th is  paper  we proposed a model  to determine CAF dur ing 
sustained MVC. I t  enables s imul taneous unbiased calculat ion of  
CAF and PF from force record ings at  any moment  dur ing the 
contract ion,  prov ided that  super imposed e lectr ica l  s t imulat ion is  
g iven just  a f ter  the star t  o f ,  just  before the end of ,  and at  the 
moments of  in terest  dur ing sustained MVC. 
Several  s tudies have determined CAF at  the s tar t  and at  the end 
of  a  sustained contract ion by comparing the decl ine in  voluntary 
force wi th the decl ine in te tanic  force dur ing rest
e . g .  1 3 , 7 8 , 1 6 8
.  Other 
s tudies have compared the super imposed force response at  the 
star t  o f  contract ion wi th the force response dur ing rest  before 
s tar t ing exerc ise,  whi le  the super imposed force response at  the 
end of  contract ion was compared wi th a force response dur ing rest  
just  a f ter  f in ish ing exercise
2 3
.  To enable CAF determinat ion at  
in termediate points  in t ime dur ing a sustained contract ion,  in  our  
ear l ier  s tudies we assumed a l inear PF increase dur ing susta ined 
MVC
1 4 0 , 1 4 1
.  In  th is  way,  the force response of  the muscle in  rest ,  
F s
t
,  was assumed to be known at  any moment  in  t ime,  faci l i ta t ing 
CAF est imat ion.  However,  o ther measures for  PF,  such as muscle 
f iber  conduct ion veloc i ty  and pH values,  appeared to indicate a 
nonl inear  increase of  PF
7 8 , 1 4 0 , 1 8 6
.  The present  s tudy shows that  in 
the par t icular  case of  a  2-min susta ined MVC of  the e lbow f lexor  
muscles,  l inear i ty  cannot  be re jected;  a l inear  funct ion d id not 
F ig .  5 .5 .  CAF  o f  27
sub jec ts  ca lcu la ted  v ia
the  me thod  o f  l i nea r
i n te rpo la t ion  (open
c i rc l es )  and  t he  mode l
( c l osed  c i r c l es ) .  Va lues
a re  means  ±  SEs .
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descr ibe the data s igni f icant ly  worse than more complex funct ions 
in  f ive out  of  s ix  subjects.  However,  in  one indiv idual  and a lso 
when data of  a l l  subjects were averaged, a second-order  
polynomial  was more accurate.  We expect  th is  k ind of  nonl inear i ty  
to be more prominent i f  susta ined contract ions of  longer durat ions 
or  at  lower force levels  are made.  
An ear l ier  method re lated the s ize of  the super imposed force 
responses to the actual  MVC
4 9 , 8 2 , 1 5 1
.  In th is  case,  to  determine 
CAF,  the impl ic i t  assumpt ion was made that  the decl ine of  MVC is  
fu l ly  caused by per ipheral  factors.  The decl ine of  MVC caused by 
centra l  fa t igue,  the var iable to  be est imated,  was neglected,  which 
is  pr incipal ly  inconsistent  and dis turbs the calculat ion of  CAF when 
i t  is  s igni f icant ly  d i f ferent  f rom zero.  A bet ter  method was 
in troduced by Kent-Braun
7 8 , 7 9
 and Kent-Braun and Le Blanc
8 0
,  and 
a lso used by Nybo and Nielsen
1 2 0
 and Stackhouse et  a l .
1 6 0
.  They 
calculated centra l  act ivat ion as MVC div ided by the tota l  muscle 
force,  where the total  muscle force is  the sum of  MVC plus force 
f rom super imposed e lectr ica l  st imulat ion.  In  general ,  however ,  the 
value of  the added force and thus the total  force depends on the 
st imulus given (durat ion,  f requency,  ampl i tude) ,  and h igher  CAF 
values wi l l  be obtained when the st imulus is  able to  act ivate a 
larger  part  o f  the muscle more strongly
6 8 , 1 5 5
.  This  is  actual ly  
i l lustrated by Stackhouse and coworkers
1 6 0
.  They determined a so-
cal led centra l  act ivat ion rat io  dur ing nonfat iguing contract ions at  
def ined percentages of  maximum voluntary ef for t  using d i f ferent  
F ig .  5 .6 .  Per i phe ra l  f a t i gue
o f  27  sub jec ts  du r i ng
sus ta ined  MVC.  Acco rd ing  t o
the  l i nea r  me thod ,  pe r iphe ra l
f a t i gue  deve lops  l i nea r l y
( s t ra i gh t  l i ne ) .  The  mode l
enab les  t he  ca lcu la t i on  o f
pe r i phe ra l  f a t i gue  du r i ng
sus ta ined  MVC (c l osed
c i rc l es ) .  Va lues  a re  means  ±
SEs .  0 20 40 60 80 100 120
0
0.1
0.2
0.3
0.4
0.5
Time (s)
Pe
rip
he
ra
l f
at
ig
ue
68 Sect ion 2,  Chapter 5 
s t imulus t ra ins.  The resul ts  repor ted higher rat ios than ant ic ipated 
based on the ef for t  level ,  an ef fect  that  was stronger  when the 
st imulus t ra in resul ted in  a lower electr ica l ly  e l ic i ted force dur ing 
rest
1 6 0
.  
 
In  the mathemat ical  model ,  the actual  value of  β theoret ical ly  does 
not  in f luence the determined value of  CAF.  To obtain a 
reproducib le resul t ,  s t imulat ion should be preferent ia l ly  
supramaximal ,  a l though act ivat ion of  antagonis ts  should be 
avoided
1 5 5
.  I f  the s t imulus event  is  such that  a preceding MVC 
potent ia tes the force response,  care must  be taken that  the in i t ia l  
rest  twi tch is  a lso potent ia ted
4 8
.  Shield and Zhou
1 5 5
 d iscuss the 
advantages and disadvantages of  d i f ferent  types of  s t imulus 
events.  
Our resul ts  showed that  the assumpt ion of  a  constant  re lat ive 
f ract ion (β)  of  maximal ly  possible force (Fm
t
)  being act ivated by 
e lectr ica l  s t imulat ion,  was reasonable in f ive of  s ix  ind iv idual  
subjects and in  the averaged data of  these subjects.  L ikewise,  data 
of  27 heal thy subjects showed no s igni f icant  change of  β over  2-
min susta ined MVC. We do not  expect  that  th is  re lat ion wi l l  change 
when MVC is  being sustained for  a longer  per iod.  
On the basis of  the presented resul ts,  both the l inear  PF 
development  assumpt ion and the new model  appear  to be 
defendable on the data of  ind iv idual  subjects  in  the case of  a 2-min 
sustained MVC of  the e lbow f lexors.  On the averaged data,  the 
l inear  development  of  PF can a lready be rejected for  th is  shor t  
exerc ise.  So we advise to use the newly presented method in  
fu ture s tudies determin ing the course of  CAF dur ing sustained 
MVCs.  Firs t  o f  a l l ,  i t  has the advantage of  determin ing PF 
simul taneously ,  which previously  was not  possible wi thout  the use 
of  addi t ional  techniques.  I t  can a lso be argued to be the safer  
choice because of  absence of  any assumpt ions in CAF 
determinat ion,  except for  the assumpt ion of  a  constant  β that  is  
impl ic i t ly  present  in  a lmost a l l  methods.  F inal ly ,  i t  should be noted 
that  appl icat ion of  the model  is  not  restr ic ted to susta ined maximal  
ef for ts .  Theoret ical ly ,  i t  can also be used in protocols using lower 
force levels  or  for  in terrupted contract ions.  
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Abstract 
Physio logical  fa t igue,  a loss of  maximal  force producing capaci ty ,  
may or ig inate both f rom changes at  the per ipheral  and at  the 
centra l  level .  The readiness potent ia l  (RP) provides a measure to 
s tudy adaptat ions to physiological  fat igue at  the motorcor tex.  We 
have studied the RP in the course of  repet i t ive contract ions at  a  
h igh force level .  
Fourteen female heal thy subjects made repet i t ive force gr ip 
contract ions at  70% of  their  maximal  vo luntary contract ion (MVC) 
for  30 minutes.  Contract ions were sel f -paced and in ter-squeeze 
in terval  was about  7 s .  Dur ing the repet i t ive contract ions,  the area 
under  the curve of  the RP almost  doubled at  e lectrode Cz and 
increased four fo ld at  e lectrodes C3'  and C4' .  The onset of  
negat iv i ty  moved forward f rom 1.5 s to  1.9 s before force onset  at  
Cz and f rom 1.0 s to 1.6 s and 1.7 s before force onset at  C3'  and 
C4' ,  respect ive ly.  EMG ampl i tude and median f requency d id not  
change signi f icant ly  and MVC af ter  the fat igu ing exercise was 93% 
of  MVC before,  indicat ing only  l i t t le  physio logical  fa t igue.  The 
increase of  the RP dur ing the repet i t ive contract ions is  c lear ly in 
excess of  the a lmost absent  s igns of  per iphera l  fa t igue.  Because 
the increase of  the RP does not  lead to an increased force 
product ion,  we propose that  i t  is  a  central  adaptat ion counteract ing 
the decrease of  cort ica l  e f f ic iency dur ing repet i t ive contract ions.  
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Introduction 
Physio logical  fa t igue is  usual ly  def ined as an exercise induced 
decrease of  maximal  vo luntary force producing capaci ty .  I t  may 
or ig inate f rom changes in  the nervous system (centra l  fa t igue) 
and/or  in  the muscle t issue (per ipheral  fa t igue) .  Both types of  
fa t igue occur  in  heal thy subjects
1 3 , 4 9 , 7 8 , 1 4 0
.  
Centra l  fa t igue has been shown at  the level  o f  the per iphera l  
nervous system by the method of  twi tch in terpolat ion.  To study 
fat igue more upstream in the nervous system, magnet ic  and 
e lectr ica l  s t imulat ion at  supraspinal  s i tes have been used
4 8 , 1 6 5
.  
These techniques give ar t i f ic ia l  input  in to the nervous system and 
measure the response at  the output  s i te  by recording the force or  
the e lectr ica l  muscle response.  
Freude and Ul lsperger
4 1
 have in troduced the readiness potent ia l  
(RP) in  the study of  fa t igue.  This  negat ive movement-related 
cor t ica l  EEG potent ia l  appears over  the human scalp about  one 
second or more before a sel f -paced motor  act .  I t  is  mainly  
generated by the supplementary motor area (SMA) and the pr imary  
motor cor tex (MI)
3 2
.  In  the absence of  fa t igue,  i ts  ampl i tude is 
re lated to the amount of  voluntary force
8 , 4 1
 and perceived ef for t
1 5 8
.  
I t  provides a measure to determine changes at  the motorcor t ica l  
level ,  which I )  does not  require ar t i f ic ia l  input  and I I )  measures 
d irect ly  at  the level  o f  the motor  cor tex instead of  at  the output  
s i te .  I t  cannot  be used dur ing susta ined contract ions,  but  is  an 
especia l ly  interest ing tool  for  s tudying centra l  changes dur ing more 
natural  repet i t ive contract ions.  
As far  as we know, only two studies descr ibe the change of  the 
RP dur ing a fa t igue inducing protocol .  Freude and Ul lsperger
4 1
 
s tudied the RP dur ing repet i t ive contract ions at  three di f ferent  
force levels ,  Johnston et  a l .
7 4
 dur ing repet i t ive contract ions at  70% 
of  the maximal  vo luntary contract ion (MVC).  Dur ing repet i t ive 
voluntary contract ions at  a  high force level  the RP increased, 
which was regarded as a way to compensate for  per ipheral  
fa t igue
4 1 , 4 1 , 7 4 , 7 4
.  However ,  an increase was present a lso dur ing 
repet i t ive contract ions at  a  low voluntary force level
4 1
,  when 
per ipheral  fa t igue is  not  expected to develop.   
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The present  s tudy was developed to fur ther  invest igate the 
behavior  of  the RP dur ing repet i t ive contract ions at  a  high force 
level .  I t  presents EEG, EMG and force data of  exercise that  
induces only  l i t t le  physio logical  fa t igue.  In  order  to avoid vary ing 
recovery t imes dur ing the d i f ferent  s tages of  the exper iment ,  we 
chose to use sel f -paced 7-s intervals ,  whereas Freude and 
Ul lsperger
4 1
 instructed subjects to  squeeze at  sel f -paced i r regular  
in tervals  of  4  – 10 s.  The high force level  s tudied by Freude and 
Ul lsperger
4 1
 was 80% MVC, but  not  a l l  subjects were able to  
per form the tota l  ser ies of  contract ions.  Pi lo t  exper iments of  our 
group showed that  heal thy subjects  are able to  repet i t ively  produce 
70% MVC for  hal f  an hour .  This  durat ion was needed to induce 
possible centra l  changes and s imul taneously  enable re l iab le 
averaging of  the EEG potent ia l .  I t  was the same force level  as 
s tudied by Johnston et  a l .
7 4
.  However ,  in their  s tudy contract ions 
were sustained for  5 s ,  whereas they were shor t  in  our  study.  The 
shor ter  contract ions lead to less physio logical  fa t igue in our  
protocol .  
Methods 
Subjects 
Fourteen female heal thy volunteers wi thout  a his tory of  
neurological  problems (age 26.6,  SD 5.8,  range 19-39)  par t ic ipated 
in th is s tudy.  Al l  subjects  were r ight-handed,  based on sel f - repor t .  
A l l  subjects  gave wr i t ten in formed consent .  The protocol  was 
approved by the local  e th ics commit tee,  exper iments were 
per formed in  accordance wi th the Declarat ion of  Hels ink i .  
Experimental  setup 
Subjects  sat  on a chair  wi th  both forearms comfor tably  rest ing 
hor izonta l ly  on a table.  The r ight  arm was stabi l ized by means of  a 
vacuum pi l low.  Isometr ic handgr ip force of  the r ight ,  semi-
supinated forearm was measured wi th a gr ip  force dynamometer .  
EEG was cont inuously  recorded f rom Ag/AgCl  e lectrodes at  Cz,  C3’ 
(1 cm before C3),  C4’  (1 cm before C4),  Pz,  and Fz,  accord ing to 
the internat ional  10-20 system
7 3
.  In  analyses,  only  Cz,  C3'  and C4'  
were used. L inked mastoids were used as references.  Impedances 
The readiness potent ia l   73 
were kept  < 10kΩ. Ag/AgCl  e lectrodes posi t ioned latera l ly  to  the 
r ight  and le f t  eye and d irect ly  above and below the lef t  eye 
recorded bipolar  hor izonta l  EOG and vert ica l  EOG, respect ive ly.  
Sur face EMG was recorded bipolar ly  f rom the muscle bel ly  of  the 
f lexors and extensors of  the f ingers of  the r ight  hand,  using 
NCS2000 d isposable sel f -adhesive electrodes wi th 1 cm inter-
e lectrode d istance.  Impedances of  EOG and EMG were kept  < 30 
kΩ.  
EEG, EOG and EMG were acquired wi th a mul t i -channel  
b ioelectr ic  ampl i f ier  (Neurotop 32) .  S ignals were band-pass f i l tered 
(EEG and EOG: 0.016 Hz -  70 Hz,  EMG: 10 Hz -  70 Hz).  
Data was sampled at  250 Hz and fed into a PC running 
Neuroscan 4.1 Acquire sof tware.  Force data was recorded both on 
the Neuroscan-PC and on a PC wi th custom made force acquir ing 
sof tware.  
Protocol  
The exper iment  s tar ted wi th three in i t ia l  MVCs,  separated by one-
minute rest  per iods.  The strongest  MVC was used for  analysis .  
Then,  the subjects '  task was to make a 30-min ser ies of  repet i t ive 
handgr ip contract ions to 70% of  the maximum MVC. Contract ions 
were sel f -paced and had to be about  seven seconds apar t .  
Subjects  were instructed to re lax immediate ly  when the target  force 
was reached.  Before s tar t ing the t r ia l ,  subjects had a shor t  
exerc ise per iod requir ing low force levels in order to pract ice on 
in terval  t iming.  Direct ly  at  the end of  the 30-min ser ies,  subjects  
made three f inal  MVCs quickly fo l lowing each other to prevent  in  
between recovery.  The strongest  was used for  analysis .   
Real- t ime v isual  force feedback was provided by means of  two 
adjacent  co lumns of  16 leds each,  that  were ver t ical ly  arranged 
and p laced 1.5 m in f ront  of  the subjects.  Dur ing the 30-min ser ies,  
resolut ion of  force presentat ion was 1.6% MVC per  led.  The 70% 
MVC level  was indicated hal fway by a hor izontal  bar  beside the 
respect ive leds.  
Data analysis 
The 30-min ser ies of  repet i t ive contract ions were div ided in to f ive 
subsequent  6-min per iods f rom which data was averaged.  Accuracy 
74 Sect ion 2,  Chapter 6 
of  task per formance dur ing the 30-min ser ies was checked by 
invest igat ing handgr ip forces and in ter-squeeze in tervals.   
EEG, EOG and EMG epochs ranging f rom 3.0 s before to 1.0 s  
af ter  force onset  were col lected us ing Neuroscan 4.1 Edi t  sof tware.  
Force onset  was def ined as the moment  at  which force exceeded 
5% MVC. Basel ine EEG and EOG was the average f rom 3.0 to  2.5 s  
before force onset .  Automat ic  ocular  ar t i fact  reduct ion was done
1 4 5
 
and al l  epochs were v isual ly  inspected to remove major  ar t i facts.   
For  every subject ,  mean epochs for  the f ive subsequent  per iods 
of  s ix  minutes were low-pass f i l tered at  10 Hz,  us ing Mat lab 6.5 
(The MathWorks).  At  e lectrodes C3' ,  C4'  and Cz the onset  of  the 
RP was determined v isual ly  af ter  randomizat ion of  the t r ia ls.  
Ear l ier  s tudies have recognized severa l  potent ia ls  wi th in the 
RP
3 2 , 3 3 , 1 2 9 , 1 5 4 , 1 5 9
.  However ,  d i f ferent  authors have used d i f ferent  
terms and the exact  t ime in tervals  of  these shorter  potent ia ls  are 
not  very consistent .  Based on Freude and Ul lsperger  
4 1
,  we chose 
to s tudy four  subsequent  t ime intervals  wi th in the RP.  Areas under  
the curve were automat ical ly  determined at  the fo l lowing in tervals:  
2 .0 – 1.5 s ,  1 .5 – 1.0 s ,  1 .0 – 0.5 s  and 0.5 – 0.0 s  before force 
onset .  P lease not ice that  the term 'per iod '  is  used for  the 6-min 
par ts  of  the 30-min ser ies of  repet i t ive contract ions,  the term 
' in terval '  is used for  the 0.5-s par ts  of  the RP.  We studied areas 
under  the curves instead of  maximal  ampl i tudes in  order  to  reduce 
the in f luence of  noise in the EEG data.  
Median f requencies of  the bipolar  EMG of  both f lexors and 
extensors were determined f rom force onset  to 1.0 s af ter  force 
onset .  Maximum ampl i tudes were determined f rom the rect i f ied 
b ipolar  EMG. 
Stat ist ics 
Stat is t ica l  tests were per formed wi th the Stat is t ical  Program for  the 
Socia l  Sciences (SPSS) 12.0.  MVCs before and af ter  exerc ise were 
compared wi th a paired samples t - test .  To invest igate changes 
over  the f ive subsequent 6-min per iods,  l inear  regression was 
per formed in  Microsof t  Excel  2000.  One-sample t - tests  determined 
i f  s lopes or  areas deviated f rom zero.  Pearson's  corre lat ions were 
determined between force and EEG slopes.  Signi f icance was set  at  
p  ≤ 0.05.  
The readiness potent ia l   75 
Results 
Force and EMG 
The in i t ia l  MVC was 363 (36 SD) N.  Af ter  the exercise per iod,  MVC 
had decl ined s igni f icant ly  to  336 (46)  N,  which is  92.5 (9.6)% of  the 
in i t ia l  va lue ( t  = 2.93,  p = 0.012).  
Subjects  made repet i t ive handgr ip contract ions at  mean force 
levels  between 67.6 (4.0)% and 76.1 (5.8)% of  the in i t ia l  MVC; 
group mean force level  was 72.7%, mean SD 3.8%. Mean in ter-
squeeze intervals  var ied between 4.7 (0.7)  s  and 8.5 (1.9)  s ;  group 
mean in terval  was 7.1 s ,  mean interval  SD 1.0 s.  Nei ther  mean 
force (Fig.  6 .1) ,  nor var iabi l i ty  of  the mean force,  mean in ter-
squeeze in terval  or  i ts  var iabi l i ty  changed dur ing the f ive 
subsequent  6-minute per iods.  In  the f ina l  6-min per iod,  produced 
force was 78.7 (6.8)% of  the f ina l  MVC. 
Maximum EMG ampl i tudes (Fig.  6.1 and Table 6.1)  and median 
f requencies of  both f lexors and extensors (Table 6.1)  showed no 
s igni f icant  change over  the f ive subsequent  6-min per iods.  EMG 
values are re lat ive ly low due to the 70Hz low pass f i l ter ing,  used to 
avoid al iasing by the sampl ing rate of  250 Hz.  
EEG 
Fig.  6.1 shows grand averages of  the f ive subsequent  6-min 
in tervals  f rom the e lectrodes cover ing the motor  cor tex (Cz,  C3'  
and C4') .  The onset of  RP became signi f icant ly  ear l ier  in  the 
course of  the 30-min ser ies at  e lectrodes C3'  and C4'  and showed 
a t rend at  e lectrode Cz (C3' :  t  = 2.33,  p = 0.037;  C4' :  t  = 2.36,  p = 
0.035;  Cz:  t  = 1.94,  p = 0.075).  At  Cz the onset  of  negat iv i ty  was 
 0 - 6  m i n  6 - 1 2  m i n 1 2 - 1 8  m i n 1 8 - 2 4  m i n  2 4 - 3 0  m i n  
m a x i m a l  a m p i t u d e  
f l e x o r s  ( µ V )  1 5 9  ( 1 0 1 )  1 4 3  ( 7 7 )  1 4 3  ( 8 1 )  1 4 2  ( 7 3 )  1 4 0  ( 7 0 )  
m a x i m a l  a m p l i t u d e  
e x t e n s o r s  ( µ V )  1 7 0  ( 9 6 )  1 6 6  ( 1 0 9 )  1 5 7  ( 8 5 )  1 5 5  ( 8 7 )  1 5 3  ( 8 5 )  
m e d i a n  f r e q u e n c y  
f l e x o r s  ( H z )  5 3 . 4  ( 2 . 9 )  5 3 . 1  ( 4 . 1 )  5 3 . 4  ( 4 . 0 )  5 3 . 8  ( 3 . 4 )  5 3 . 8  ( 3 . 7 )  
m e d i a n  f r e q u e n c y  
e x t e n s o r s  ( H z )  5 1 . 4  ( 5 . 2 )  5 1 . 2  ( 6 . 0 )  5 0 . 1  ( 6 . 5 )  5 1 . 6  ( 5 . 5 )  5 2 . 2  ( 5 . 6 )  
Tab le  6 .1 .  EMG va r i ab les  (means  (SD) )  du r i ng  a  30 -min  se r i es  o f  r epe t i t i ve
handg r i p  con t rac t i ons  a t  70% MVC.  Va lues  do  no t  change  s i gn i f i can t l y .  
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1.49 (0.80) s  before force onset  dur ing the f i rst  and 1.86 (0.84) s  
before force onset  dur ing the last  6-min per iod.  At  e lectrodes C3'  
and C4'  in i t ia l ly  negat iv i ty  onset  was 1.00 (0.70)  and 1.00 (0.82)  
before force onset ;  dur ing the last  6-min per iod th is  was 1.62 
(1.01)  s  and 1.70 (0.95)  s  before force onset ,  respect ive ly.  
At  Cz,  C3'  and C4'  areas under  the curve (2.0 to 0.0 s  before  
force onset)  increased signi f icant ly  dur ing the repet i t ive 
contract ions (Cz:  t  = 2.80,  p = 0.015;  C3' :  t  = 2.28,  p = 0.040;  C4' :  
t  = 4.18,  p = 0.001) .  The area of  Cz a lmost  doubled f rom –6.7 (5.7)  
to  –11.9 (9.2)  mV*ms; the areas of  C3'  and C4'  increased fourfo ld 
f rom –1.8 (5.9)  to  –7.5 (8.1)  mV*ms and f rom –1.7 (6.1)  to  –7.3 
(6.6)  mV*ms, respect ive ly .  
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F ig .  6 .1 .  G rand  
ave rages  o f  f o rce ,  
r ec t i f i ed  f l exo r  EMG,  
and  EEG epochs  
du r i ng  a  30 -min  
se r ies  o f  repe t i t i ve  
handg r i p  con t rac t i ons  
a t  70% MVC.  Each  
pane l  shows  the  
mean  epochs  f r om 
f i ve  subsequen t  6 -
m in  pe r iods .  Wi th i n  
each  pane l ,  t ime  0  s  
i nd ica tes  fo rce  onse t ;  
epochs  range  f rom 3  
s  be fo re  t o  1  s  a f t e r  
f o rce  onse t .  Fo rce  
and  EMG do  no t  
change  s ign i f i can t l y
du r i ng  t he  repe t i t i ve  
con t rac t i ons .  A t  t he  
t h ree  EEG pos i t i ons ,  
t he  RP  inc reases  
s i gn i f i can t l y  du r i ng  
t he  30  m inu tes .  
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Fig.  6 .2 shows the areas under  the curve for  the four intervals  of  
RP (2.0 – 1.5,  1 .5 – 1.0,  1 .0 – 0.5 and 0.5 – 0.0 s  before force 
onset) .  Aster isks show areas that  deviate s igni f icant ly  f rom zero.  
At  Cz,  the last  three in terval  areas (Fig.  6.2,  f i rs t  row,  three most  
r ight  panels)  showed a s igni f icant  increase over  the f ive 6-min 
per iods ( t  =  1.03,  p = 0.322;  t  =  2.36,  p = 0.035;  t  = 2.84,  p= 0.014 
and  t  = 2.91,  p = 0.012 respect ive ly) .  At  C3' ,  the areas of  the f i rs t  
three intervals  (F ig.  2 ,  second row,  three most  le f t  panels)  showed 
a s igni f icant  increase over  the f ive 6-min per iods ( t  =  2.16,  p = 
0.050;  t  =  2.48,  p = 0.028;  t  = 2.16,  p = 0.050;  t  = 1.95,  p = 0.074, 
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F ig .  6 .2 .  A reas  unde r  f ou r  i n te rva ls  o f  t he  RP  cu rves  du r ing  a  30 -min  se r i es  o f
repe t i t i ve  handg r i p  con t rac t i ons  a t  70% MVC.  The  l e f t  co lumn  shows  e lec t rode
Cz ,  t he  m idd le  co lumn  e lec t rode  C3 ' ,  and  t he  r i gh t  co lumn e lec t rode  C4 ' .
H ighes t  pane ls  show  the  in te rva l  l onges t  be fo re  f o rce  onse t ,  l owes t  pane ls  show
the  in te r va l  j us t  be fo re  f o r ce  onse t .  Wi th i n  each  pane l ,  t he  i nd ica t ions  ' p1 '  …
'p5 '  a t  t he  x -ax is  i nd ica te  t he  5  subsequen t  6 -m in  pe r i ods  (0 -6  m in ,  6 -12  m in ,
12 -18  m in ,  18 -24  m in ,  24 -30  m in ,  r espec t i ve l y ) .  E r ro r  ba rs  show  s tanda rd  e r ro r s
o f  t he  mean .  As te r i sks  show  va lues  s ign i f i can t l y  dev ia t i ng  f r om ze ro .  No t i ce  t he
inc rease  o f  the  a reas  unde r  the  cu rve  du r i ng  the  30 -m in  se r ies .  
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respect ively) .  At  C4' ,  the areas of  a l l  in tervals  (Fig.  6 .2,  th i rd row) 
increase s igni f icant ly  over  the f ive 6-min per iods ( t  =  3.32,  p = 
0.006;  t  = 4.61,  p < 0.001;  t  = 4.07,  p = 0.001;  t  = 3.24,  p = 0.006, 
respect ively) .  
 
The relat ive s ize of  the f inal  MVC did not  corre late wi th the s lope 
of  the area under  the tota l  curve at  any electrode posi t ion (Cz:  R = 
0.097,  p = 0.724;  C3' :  R = -0.413,  p = 0.143;  C4' :  R = -0.175,  p = 
0.551),  nor  wi th any s lope of  the areas under  the curve of  the 
separate 0.5 s- in tervals.  
Discussion 
This s tudy shows a c lear  increase of  the RP in the presence of  only 
smal l  physiological  fa t igue dur ing a 30-min ser ies of  repet i t ive 
handgr ip contract ions at  70% MVC. Dur ing the f i rs t  6-min per iod,  a 
s igni f icant  negat ive deviat ion f rom basel ine was only recognized at  
e lectrode Cz star t ing 1.5 s before force onset .  In  the course of  the 
30 minutes,  negat iv i ty  reaches s igni f icance also at  e lectrodes C3'  
and C4'  and i ts  s tar t  becomes ear l ier .   
A l though a s l ight  increase of  the RP may be necessary to 
compensate for  smal l  (maximal ly  8%) per ipheral  changes
4 1 , 7 4
,  the 
extent  of  RP increase suggests that  MI  and SMA compensate for  
addi t ional ,  centra l ,  force reducing factors.  That  per ipheral  fa t igue 
a lone is not  enough to explain the increase of  the RP is  conf i rmed 
by the absence of  a corre lat ion between the decrease of  MVC and 
the increase of  RP,  and by the absence of  s igni f icant  changes in 
the (per iphera l)  EMG. 
The large RP increase in compar ison wi th only l i t t le  physiological  
fa t igue is  in accordance wi th Freude and Ul lsperger 's
4 1
 f ind ings 
dur ing repet i t ive contract ions at  20% MVC. They saw an increase 
of  the RP in the supposed absence of  per ipheral  fa t igue,  and 
suggested the in f luence of  required concentrat ion and at tent ion for  
th is low force level  task as a possible explanat ion.  However,  our  
resul ts contrast  wi th Freude and Ul lsperger 's
4 1
 observat ion that  RP 
was constant  dur ing repet i t ive contract ions at  50% MVC. 
In our  protocol ,  changes in  the central  nervous system seem to 
reduce centra l  e f f ic iency dur ing repet i t ive contract ions.  In  order to 
s t i l l  produce the required force level ,  motor cor t ical  act iv i ty  is  
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increased. I t  can only be speculated which speci f ic  processes 
h inder  force product ion.  Reduct ion of  the level  of  force output  
re lat ive to the amount  of  motor  cor tex act iv i ty  may indicate a 
decreasing ef f ic iency of  the motor  cor tex i tse l f  dur ing the repet i t ive 
contract ions.  Besides,  act iv i ty  of  other  force inf luencing areas 
might  be involved.  A recent  PET study that  measured regional  
cerebral  b lood f low af ter  susta ined contract ions revealed a gradual  
increase of  act iv i ty  wi th  the level  and durat ion of  muscle 
contract ion in  the contra latera l  MI,  pr imary and secondary  
somatosensory areas,  somatosensory associat ion area,  and the 
temporal  areas AA and AI ;  SMA and c ingula act iv i ty  increased 
b i la teral ly
8 5
.  In  addi t ion,  fMRI showed increasing act iv i ty  of  both  
the ipsi latera l  and contra lateral  pr imary sensor imotor  areas,  the 
SMA, prefronta l  cor tex,  c ingulate gyrus and cerebel lum dur ing both 
repet i t ive and susta ined submaximal  contract ions
9 9
.  
 
We decided to measure at  Cz,  C3'  and C4' ,  because these 
posi t ions are s i tuated above the SMA and le f t  and r ight  MI ,  
respect ively .  The later  onset  of  negat iv i ty  at  C3'  and C4'  (1.00 s 
before force onset)  in compar ison wi th Cz (1.49 s before force 
onset)  in the f i rs t  6-min per iod is  in accordance wi th the f inding 
that  act iv i ty  of  the SMA precedes act iv i ty  of  MI
3 2
.  The change of  
onset  of  negat iv i ty  in  C3'  dur ing the 30-min ser ies suggests that  
act iv i ty  of  the contra latera l  MI  star ts to  develop ear l ier  to  prevent 
centra l  fa t igue.  This change in  act iv i ty  was also found at  C4' .  
B i la tera l  occurrence of  the RP is  widely recognized
3 2
,  but  th is 
f inding suggests that  a lso the ipsi la teral  cor tex increases act iv i ty  
dur ing repet i t ive contract ions.  The resul ts  of  Johnston et  a l .
7 4
 
showed the same pat tern.  Indeed,  an increase of  ipsi la tera l  cor t ica l  
act iv i ty  wi th  fa t iguing exerc ise is  reported in  SMA
8 5
 and the 
pr imary motor  cor tex
9 9
.  The idea is a lso supported by data of  
Z i jdewind and Kernel l  who measured increasing EMG act iv i ty  in  the 
contra latera l  homologous muscle dur ing fat iguing contract ions
1 8 5
.  
However ,  i t  is  d i f f icul t  to  explain why the negat iv i ty  at  C4'  had 
about  the same size as the negat iv i ty  at  C3' .  Brunia et  a l .
1 9
 
suggest  that  subcor t ica l  sources cause b i la teral  act iv i ty .  Though, 
we cannot exc lude that  vo lume conduct ion of  e lectr ic  f ie lds 
or ig inat ing f rom the SMA contr ibutes to the s ignals measured at  
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C3'  and C4' .  Techniques to determine which sources are 
responsib le for  the changing RP unfor tunately  need a di f ferent  
exper imenta l  design and registrat ions f rom more electrode 
posi t ions
1 2 9
.  
 
To conclude,  our  study shows an increasing RP in the a lmost 
absence of  physio logical  fa t igue dur ing repet i t ive contract ions at  a  
h igh force level .  The RP seems to represent  adaptat ions to prevent  
centra l  fa t igue in  heal thy subjects  dur ing exercise that  induces 
re lat ive ly  l i t t le  per ipheral  fat igue.  The protocol  provides an 
in terest ing tool  to  study the decrease of  central  ef f ic iency and 
of fers prospects for  s tudies in  pat ients wi th dimin ished centra l  
act ivat ion.  
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Abstract 
We have invest igated whether central  act ivat ion fa i lure (CAF) is  
increased dur ing local  muscle fa t igue in  chronic  fa t igue syndrome 
(CFS).  Four teen female CFS pat ients and 14 age-matched heal thy 
female contro ls made a 2-min sustained maximal  voluntary 
contract ion (MVC) of  the biceps brachi i  muscle.  Before,  dur ing,  and 
af ter  sustained MVC, e lectr ical  endplate s t imulat ion was appl ied.  
Force and f ive-channel  surface EMG (sEMG) were registered.  
Al though force responses upon st imulat ion dur ing rest  d id not  
d i f fer  between pat ients and contro ls,  MVC was s igni f icant ly  lower 
in  pat ients.  Already at  the beginning of  susta ined MVC, CFS 
pat ients showed s igni f icant ly  larger CAF than contro ls (36.5 ± 
17.0% and 12.9 ± 13.3% respect ive ly) .  For  a l l  ind iv idual  pat ients 
mean CAF over the f i rst  45 s was higher than 30%, whi le i t  was 
below 30% for  a l l  contro ls.  Less per ipheral  fa t igue in  pat ients was 
demonstrated by the changes in muscle f ibre conduct ion veloci ty  
and the di f ferences between force responses before and af ter  
contract ion.  
Centra l  act ivat ion is  d iminished in  CFS pat ients.  Possib le causes 
include changed percept ion,  impaired concentrat ion,  reduced ef for t  
and physio logical ly  def ined changes,  e.g.  in  the cort icospinal  
exci tabi l i ty  or  the concentrat ion of  neurotransmit ters.  As a 
consequence,  demands on the muscle are lower,  resul t ing in  less 
per ipheral  fa t igue.  The under ly ing pathophysiological  processes 
remain s t i l l  to  be determined.  
Chronic  fat igue syndrome  85 
Introduction 
Chronic fa t igue syndrome (CFS) is  def ined by severe fat igue of  a t  
least  6 months durat ion that  inter feres substant ia l ly  wi th 
occupat ional ,  educat ional ,  socia l ,  or  personal  act iv i t ies,  is  not  
a l lev iated by rest ,  and is  accompanied by at  least  four  of  e ight  
speci f ic  symptoms (unrefreshing s leep,  sore throat ,  tender  lymph 
nodes,  muscle pain,  jo in t  pain,  impaired memory or  concentrat ion,  
headache, severe post-exer t ional  fat igue)
4 3
.  A l though much 
research has been done,  physio logical  processes p lay ing a ro le in 
th is d isease remain uncer ta in.  
Kent-Braun et  a l .
8 2
 descr ibed that  pat ients suf fer ing f rom CFS 
develop relat ive ly  large centra l  fat igue dur ing a 4-min sustained 
maximal  contract ion of  the t ib ia l is  anter ior  muscle.  They found a 
s igni f icant ly  d iminished central  act ivat ion at  the end of  susta ined 
contract ion.  Interest ing ly,  they showed that  a l ready at  the star t  o f  
exerc ise in  CFS pat ients force could be added to MVC by 
super imposed e lectr ical  s t imulat ion,  ind icat ing that  central  
act ivat ion was submaximal.  This  was not  the case in  heal thy 
subjects.  However,  th is  d i f ference d id not  reach stat is t ica l  
s igni f icance,  probably  because of  the smal l  number (N=7) of  both  
pat ients and controls .  I t  could also be inf luenced by the 
heterogenei ty  of  the groups (both men and women).  One might  
expect  lowered centra l  act ivat ion to have resul ted in  decreased 
per ipheral  fa t igue due to the smal ler  demands on muscle capaci ty .  
However,  no s igni f icant  d i f ferences were found,  a l though measures 
for  per iphera l  fat igue tended to show lower va lues in  CFS. 
Other  authors,  studying shor t  or  repet i t ive contract ions and 
invest igat ing d i f ferent  muscle groups,  d id not  repor t  such a lack of  
centra l  act ivat ion in CFS. Fulcher  and White
4 4
 found no s igni f icant  
d i f ference between CFS pat ients and contro ls in  the number of  
subjects that  showed a force increase dur ing a short  MVC of  the 
quadr iceps muscle af ter  addi t ional  s t imulat ion.  L loyd et  a l .
1 0 0
 made 
subjects  per form repet i t ive contract ions of  the e lbow f lexors at  30% 
MVC, in termi t ted by a shor t  MVC with a super imposed e lectr ical  
s t imulus every f ive minutes.  This exper iment,  a lso,  d id not  reveal  
any change in  centra l  act ivat ion in  CFS pat ients,  nei ther  at  the 
s tar t  nor  at  the end of  the exper iment.  
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In  v iew of  the conf l ic t ing resul ts and in  order  to  in terpret  s tudies 
invest igat ing cor t icospinal  exci tabi l i ty  in CFS
1 7 , 1 3 5 , 1 3 6 , 1 6 1
,  we 
studied centra l  act ivat ion in  the course of  a  sustained maximal  
contract ion of  the b iceps brachi i  muscle in  a larger  and more 
homogeneous (a l l  female)  group of  CFS pat ients and heal thy 
contro ls.  
Methods 
Patients 
Fourteen female CFS pat ients (mean age 28.6,  range 18-37 years) ,  
a l l  fu l f i l l ing the CDC cr i ter ia  for  CFS
4 3
,  and 14 age-matched female 
heal thy contro ls  (mean age 26.7,  range 21-37 years)  were 
included.  None of  the subjects  reported a h istory of  neuromuscular  
problems.  The protocol  was approved by the local  e th ics commit tee 
and al l  subjects  gave wr i t ten in formed consent .  
Experimental  set-up 
The exper imental  design was used ear l ier  in  a study of  per iphera l  
and centra l  aspects of  fa t igue dur ing a susta ined maximal  
vo luntary contract ion in  heal thy subjects
1 4 0
.  I t  was based on the 
twi tch in terpolat ion technique.  This  and s imi lar  methods to 
determine centra l  act ivat ion fa i lure (CAF),  were used ear l ier  in  
severa l  s tudies on heal thy subjects and pat ients wi th for  example 
CFS, f ibromyalg ia,  stroke,  mul t ip le  sclerosis ,  and post-pol io
4 8
.  The 
re l iabi l i ty  of  measures of  maximal  vo luntary act ivat ion determined 
wi th twi tch in terpolat ion for  e lbow f lexor  muscles has been 
descr ibed by Al len et  a l .
4
.  
Subjects  sat  in  a chai r  wi th  their  lef t  arm f ixed in  a dynamometer  
in a hor izonta l  posi t ion wi th the shoulder  in abduct ion,  the elbow in 
a r ight  angle and the forearm supinated.  Trunk and e lbow were 
stabi l ised us ing custom made pads.  The force of  e lbow f lexion was 
measured at  the wr ist .  Force was sampled at  a  rate of  2  kHz and 
lowpass f i l tered (1 kHz).  The maximal  resolut ion of  force 
measurement  was 0.1 N bi t
- 1
.  
Sur faceEMG (sEMG) was measured us ing a mul t i -e lectrode array  
of  f ive gold-coated electrodes that  were placed in l ine (e lectrode 
d iameter  2 mm; in ter  e lectrode d istance 3 mm) paral le l  to  the f ibre 
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d irect ion of  the b iceps brachi i  muscle,  d is ta l  to  the motor  points.  A 
reference e lectrode was placed at  the elbow jo int .  Dur ing 
p lacement  of  the elect rode array,  both monopolar  and b ipolar  EMG 
was moni tored v isual ly .  Values of  impedances and cross 
corre lat ions between the adjacent e lectrode posi t ions were 
checked.  I f  e lectrode p lacement  was not  sat is factory,  the device 
was replaced.  The avai lable space to vary the posi t ion of  the 
e lectrode array was l imi ted because the array was placed dis ta l ly  
f rom the sur face e lectrodes used for  e lectr ica l  s t imulat ion.  
Especia l ly  in  women wi th shorter  arms or  arms wi th a re lat ive ly 
th ick fa t  layer ,  p lacement was di f f icu l t .  The posi t ion that  was 
chosen could not  be changed dur ing the sustained contract ion.  
Possib ly,  smal l  la tera l  d isp lacement of  the muscle t issue s l ight ly  
a l tered the e lectrode posi t ion dur ing 100% MVC. 
Monopolar  s ignals  were ampl i f ied,  bandpass f i l tered (3.2-800 Hz) 
and A/D-conver ted (16 b i ts  wi th  a resolut ion of  0 .5 mV bi t
- 1
 a t  a  
rate of  4  kHz/channel) .  
A custom-made t ime code generator  synchronised force-  and 
sEMG-data.  
Using sur face electrodes,  e lect r ica l  endplate s t imulat ion was 
appl ied over  the motor  points  of  the media l  and latera l  head of  the 
b iceps brachi i  muscle.  As the basic  ‘un i t  o f  s t imulat ion’  a  40 ms 
st imulus t ra in of  5  rectangular  pulses (each wi th a durat ion of  100 
µs)  wi th a 10 ms in terval  (100 Hz) was used.  Five s t imulus t ra ins 
were combined to form a st imulus event  (SE)
1 4 0
.  Based on a pi lo t  
s tudy,  the in ter  t ra in interval  was 300 ms dur ing voluntary 
contract ion.  This  prov ided in tervals  long enough to avoid 
in ter ference of  subsequent  force responses,  but  kept  the durat ion 
of  the SEs as short  as possible.  Dur ing rest  th is  in terval  was 1000 
ms,  whi le  these force responses have a longer  durat ion.  The f ive 
subsequent  force responses to a SE were averaged and th is  
average wi l l  be referred to as the force response.  A p i lot  study,  
which was designed to test  the ut i l i ty  o f  th is  st imulus pat tern in 
CAF determinat ion,  showed a s trong corre lat ion between the 
instructed submaximal  vo luntary force level  and the ampl i tude of 
the force response.  
Before the exper iment ,  for  every subject  s t imulus opt imisat ion 
was per formed by s lowly increasing the in tensi ty  unt i l  no fur ther  
88 Sect ion 3,  Chapter 7 
increase of  force response resul ted f rom the increase of  in tensi ty  
or  – in 3 CFS pat ients and 1 control  subject-  unt i l  pain l imi ted 
fur ther  increase.  Al l  SEs were g iven at  th is in tensi ty  level  (CFS: 
range 26.0-53.5,  mean 38.2 mA, controls :  range 26.0-53.4,  mean 
40.8 mA).  
Protocol  
Before any exercise,  the subject  made three short  MVCs of  the 
b iceps brachi i  muscle wi th a 1-min interval .  Af ter  a 10-min rest ,  an 
in i t ia l  SE was appl ied whi le  the subject ’s  b iceps brachi i  muscle 
was relaxed,  resul t ing in  the in i t ia l  force response.  Next ,  the 
subject  per formed a 2-min sustained MVC of  the b iceps brachi i  
muscle.  SEs were g iven every 15 s,  leading to super imposed force 
responses.  Verbal  encouragement  was given throughout  and force 
was v isual ly  fed back to the subject .  Immediate ly  af ter  the 
sustained contract ion,  a f inal  SE was appl ied whi le the muscle was 
re laxed,  resul t ing in  the f inal  force response.  
Force analysis 
Al l  vo luntary force values shown are mean values over  2 s  of  data  
just  before s t imulat ion,  except  for  the value of  MVC before the 
sustained contract ion,  which is the t rue maximum.  
Force responses upon st imulat ion dur ing sustained MVC were 
corrected for  changes of  vo luntary force v ia l inear in terpolat ion 
between the moment  of  s t imulat ion and 300 ms af ter .  Then, a 
correct ion was made for  the in f luence of  per iphera l  fa t igue on the 
s ize of  the super imposed force responses dur ing MVC, as 
descr ibed in  Schi l l ings et  a l .
1 4 0
.  So,  CAF was def ined as:  
CAF
t
 =  F s x
t
 /  (F s
b  
-  t /120 *  (F s
b
 -F s
e
) )  *  100% 
where F s x
t
 is  the ampl i tude of  the super imposed force response 
dur ing MVC, F s
b
 and F s
e
 are the in i t ia l  and f inal  force responses 
respect ively  whi le  the arm was re laxed,  and  t  is  t ime in  seconds.  
SEMG analysis 
SEMG values used were calculated f rom 2 s of  data just  before 
s t imulat ion.  Muscle f ibre conduct ion veloc i ty  (MFCV)
1 0 8 , 1 8 8
 was 
determined f rom four out  of  f ive electrodes.  The upper l imi t  o f  
MFCV was set  at  8 m s
- 1
,  based on physiological  l imi ts
1 4 0
.  As a 
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resul t ,  two CFS pat ients and f ive heal thy controls  were excluded 
f rom MFCV analysis s ince thei r  MFCVs exceeded th is va lue at  
least  three t imes.  Besides,  only  two data points showed non-
physiological  va lues.  The inf luence of  far- f ie ld potent ia ls ,  
a l ignment of  e lectrodes and f ibre direct ion and p lacement  of  
e lectrodes in  re lat ion to the end plate posi t ion might  have 
contr ibuted to the non-physiological  values.  MFCV determinat ion 
has a tendency for  h igher  va lues wi th only  smal l  inaccuracies of  
e lectrode p lacement
1 8 8
,  but  these deviancies are l ike ly  to be 
consistent  i f  e lectrodes are not  replaced. Therefore,  only  re lat ive 
MFCV values were used in  fur ther  analys is.  Thus,  MFCV was 
expressed as a percentage of  MFCV r ight  at  the s tar t  o f  sustained 
MVC
1 0 5 , 1 4 0
.  MFCV values were not  involved in the calculat ion of  
o ther  va lues.  Root  mean square (RMS) values presented are 
means of  the RMS values of  the e lectrodes a lso involved in  MFCV 
determinat ion.  
Stat ist ics 
Normal i ty  was tested according to the Kolmogorov-Smirnov test .  
For  each subject ,  l inear regression analysis,  per formed on the n ine 
data points v ia  the least  squares method,  determined the s lopes of  
CAF, MFCV and MVC dur ing the 2-min sustained contract ion.  T-
values were used to test  i f  s lopes deviated f rom 0.  Between-group 
d i f ferences were analysed wi th independent  samples t - tests.  
Di f ferences between in i t ia l  and f inal  force responses were tested 
us ing paired samples t - tests .  Signi f icance level  was set  at  p  = 0.05 
( two- tai led) .  
Results 
Al l  var iables showed a normal d is tr ibut ion.  Presented values are 
means (standard deviat ions) .  
Force responses to st imulat ion before voluntary contract ion had 
a mean ampl i tude of  11.6 (4.6)  N in  CFS, which did not  d i f fer  f rom 
11.3 (3.0)  N in  heal thy subjects  (p = 0.827) .  MVC before exercise 
was 114.0 (27.7)  N in pat ients,  which was s igni f icant ly  smal ler  than 
178.2 (41.1)  N in  contro ls (p < 0.001) .   
Direct ly  at  the beginning of  sustained MVC, mean voluntary force 
over  2 s  in CFS was 86.7 (23.4) N,  whi le  heal thy contro ls  reached 
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a s igni f icant ly  h igher va lue of  144.9 (43.8 N)  (p < 0.001)  (Fig.  
7 .1A).  This  d i f ference in  vo luntary force was a lso expressed in  
sEMG ampl i tudes:  in  CFS subjects  RMS showed a mean value of  
0 .9 (0.4)  mV at  the beginning of  susta ined MVC, which was 1.6 
(0.8)  mV in heal thy contro ls (p = 0.011).  
A l l  subjects succeeded in mainta in ing MVC for  2 minutes.  As is  
shown in F ig.  7 .1A, in  both groups voluntary force decreased 
dur ing the sustained contract ion (CFS: s lope = -0.25 (0.14)  Ns
- 1
,  p 
< 0.001;  contro ls :  s lope = -0.69 (0.22)  Ns
- 1
,  p  < 0.001).  The s lope 
in  the contro l  group was s igni f icant ly  steeper  than in CFS (p < 
0.001).  The absolute voluntary force did not  s igni f icant ly  d i f fer  
F ig .  7 .1 .  Vo lun ta r y  f o r ce  (A ) ,  musc le
f ib re  conduc t ion  ve loc i t y  (B ) ,  and
cen t ra l  ac t i va t i on  fa i l u re  (C )  du r i ng
a  2 -m in  sus ta ined  max ima l  vo lun ta r y
con t rac t i on .  Mean  and  SEM va lues
a re  p resen ted .  Hea l t hy  con t ro l s
p roduce  h ighe r  vo lun ta r y  f o rce  t han
pa t i en ts  (CFS :  N  =  14 ;  con t ro l s :  N  =
14 ) .  Musc le  f i b re  conduc t ion
ve loc i t y  (MFCV)  changes  less  i n
pa t i en ts  than  i n  hea l t hy  con t ro l s ,
i nd ica t i ng  sma l le r  demands  on
musc le  capac i t y  i n  pa t i en t s  (CFS:  N
=  10 ;  con t ro l s :  N  =  9 ) .  Cen t ra l
ac t i va t i on  fa i l u re  i s  h ighe r  i n
pa t i en ts  ove r  t he  who le  pe r iod
(CFS:  N  =  14 ;  con t ro l s :  N  =  14 ) .  
Chronic  fat igue syndrome  91 
between both groups at  the end of  sustained contract ion (CFS: 
47.6 (14.2) N,  contro ls :  59.9 (18.8)  N).  
A force decrease,  a l though smal ler ,  was found a lso when 
comparing in i t ia l  and f inal  force responses to e lectr ical  s t imulat ion.  
In  CFS pat ients,  the f inal  force response −  to  s t imulat ion of  the 
re laxed muscle af ter  sustained contract ion −  was 76.9 (18.1)% of  
the in i t ia l  force response −  to s t imulat ion of  the re laxed muscle 
before susta ined contract ion.  In  heal thy contro ls,  who did their  
sustained MVC at  a h igher  absolute force level ,  th is re lat ive f ina l  
force response was s igni f icant ly  lower (45.9 (12.5)%, p < 0.001) .  
 
The in i t ia l  absolute MFCV value d id not  d i f fer  between both groups 
(4.9 (0.9)  ms
- 1
 for  CFS and 4.7 (1.2)  ms
- 1
 for  contro ls) .  MFCV 
decreased signi f icant ly  dur ing the susta ined contract ion (CFS: 
s lope=-0.20 (0.10)%s
- 1
,  p  < 0.001;  controls :  s lope=-0.39 (0.15)%s
-
1
,  p  < 0.001,  F ig.  7 .1B),  a l though pat ients showed a smal ler  
re lat ive MFCV s lope than controls  (p = 0.004) .  
 
A lso CAF di f fered between both groups (Fig.  7 .1C).  A lready 
immediate ly  af ter  the s tar t  o f  exerc ise,  CAF was h igher  in  pat ients 
than in contro ls (CFS: 36.5 (17.0)%, contro ls:  12.9 (13.3)%; p = 
0.005).  CAF values averaged for  each subject  f rom the f i rs t  45 s of  
sustained contract ion provide a fu l l  separat ion between both 
groups:  a l l  pat ients showed averaged CAF values above 30%, whi le  
a l l  contro ls had values lower than 30% (Fig.  7.2) .  CAF changed 
signi f icant ly  wi th  t ime in  contro ls (s lope=0.11 (0.10)%s
- 1
,  p  < 0.01) ,  
but  not  in  CFS pat ients (s lope=0.005 (0.080)%s
- 1
) .  Contro ls at  the 
end of  exercise showed CAF values s imi lar  to  those of  pat ients at  
the star t  of  exercise.  
F ig .  7 .2 .  Ave raged  cen t ra l  ac t i va t ion  f a i l u re
f rom the  f i r s t  45  s  o f  sus ta ined  con t rac t i on  i n
a l l  i nd iv i dua l  sub jec t s .  No t i ce  tha t  a l l  CFS
pa t i en ts  show  va lues  h ighe r  than  30%,  wh i l e  a l l
hea l thy  con t ro l s  show va lues  be low  30%.
Hor i zon ta l  l i nes  show  mean  va lues  (CFS :  N  =
14 ;  con t ro l s :  N  =  14) .
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Discussion 
The resul ts  of  th is  study show that  centra l  act ivat ion is  s trongly  
d iminished in  CFS dur ing susta ined MVC of  the b iceps brachi i  
muscle.  Whi le  force responses upon elect r ica l  s t imulat ion before 
exerc ise ind icate that  the in i t ia l  muscle capaci ty  does not  d i f fer  
between heal thy contro ls  and CFS pat ients,  MVC is  lower in  
pat ients both before exercise and direct ly  at  the s tar t  o f  susta ined 
MVC. From the re lat ive ly  large force responses added by e lectr ical  
s t imulat ion dur ing MVC, we conclude that  th is  voluntary force 
d i f ference resul ts  f rom the larger  CAF in CFS pat ients.  Dur ing 
sustained MVC, contro ls  show an increase of  CAF,  but  i t  remains 
at  a  h igher  level  in  pat ients dur ing the fu l l  2-min sustained 
contract ion.  
The occurrence of  reduced centra l  act ivat ion is  conf i rmed by the 
indicators of  per iphera l  fa t igue:  both the decrease of  MFCV dur ing 
exerc ise
1 8 8
 and the rat io  between the force responses before and 
af ter  exercise
1 0 0 , 1 6 3
 show that  the demands on the muscle have 
been sub-maximal  in pat ients.  I t  is  important  to  not ice that  these 
la t ter  d i f ferences do not  suggest  that  per ipheral  funct ioning d i f fers 
between both groups.  
Our resul ts  are in  accordance wi th those of  Kent-Braun et  a l .
8 2
 
who found that  central  act ivat ion of  the t ib ia l is  anter ior  muscle was 
d iminished in  CFS dur ing susta ined MVC. They d id not  show 
signi f icant  d i f ferences in  per ipheral  muscle funct ion ing between 
pat ients and contro ls,  but  per iphera l  measures showed a tendency 
to lower demands on muscle capaci ty  in  the pat ient  group. In  
contrast ,  our  f ind ings seem to be in  contradic t ion wi th Gibson et  
a l .
5 6
 and Lloyd et  a l .
1 0 0
,  who did not  detect  CAF dur ing shor t  MVC 
of  the quadr iceps and the e lbow f lexor  muscles respect ively .  
The magni tude of  CAF at  the star t  of  susta ined MVC in CFS is 
s imi lar  to  that  in  hemiparet ic  quadr iceps of  s troke pat ients
1 1 6
 and 
not  d i f ferent  f rom that  in  the ankle dorsi f lexors of  ALS pat ients
8 1
.  
In  contrast ,  centra l  act ivat ion of  the adductor  pol l ic is  in  mul t ip le  
sclerosis  is  a lmost  maximal  at  the star t
1 5 2
.  I t  decl ines dur ing 
sustained MVC
1 5 2
,  as i t  does in  ALS
8 1
.  In  quadr iceps of  pat ients 
wi th f ibromyalg ia,  a d isorder  wi th symptoms simi lar  to  those of  
CFS, enlarged CAF before fat igue has been descr ibed
1 1 8 , 1 1 9
.  E lbow 
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f lexors of  these pat ients ,  however ,  d id not  show abnormal  centra l  
act ivat ion
1 1 1
.  
Except for  the paper  of  Fulcher  and Whi te
4 4
 who measured 
quadr iceps strength,  we have found no l i terature descr ib ing 
d i f ferences in  vo luntary force between contro ls  and CFS pat ients ,  
a l though severa l  s tudies assessing var ious muscle groups have 
been done
5 6 , 8 2 , 1 0 0 , 1 0 1 , 1 3 4 - 1 3 6 , 1 6 3
.  However ,  the major i ty  of  studies on 
CFS did show -  a l though not  s igni f icant ly  -  lower MVC values in  
pat ients,  as can be seen in  Table 7.1.  In  seven out  of  n ine studies,  
MVC in pat ients was between 6.8 and 33.9% lower than in contro ls.  
We hypothesise that  the absence of  stat is t ical  s igni f icance in  many 
studies or ig inated in the heterogenei ty  of  the populat ion studied.  
The ear l ier  s tudies could not  use the rather  s tr ic t  CDC cr i ter ia  that  
we used
4 3
,  which might  have led to contaminat ion of  the CFS group 
wi th other pat ients.  Besides,  except  for  L loyd et  a l .
1 0 0 , 1 0 1
 who 
separately presented male and female data,  these studies showed 
values of  men and women intermingled.  Both factors may have 
increased the var iabi l i ty  of  MVCs and therefore hindered the 
ident i f icat ion of  s igni f icant  force di f ferences.  Thus,  we conclude 
that  the present  MVC data are not  real ly  contradic tory wi th ear l ier  
resul ts.  In fact  i t  d id  show s igni f icant  d i f ferences,  because we 
studied a more homogeneous group of  pat ients.   
  C o n t r o l s C F S  M V C   
A u t h o r  M u s c l e  g r o u p  N ♂ N ♀ N ♂ N ♀ c o n t r o l s C F S
R e l .  
d i f f .  
( % )  s i g n .  
L l o y d  e t  a l . 1 0 1  E l b o w  f l e x o r s  1 0   1 0   6 6  N m  7 5  N m  1 3 . 6  n s  
   1 0   1 0  4 4  N m  4 1  N m  - 6 . 8  n s  
L l o y d  e t  a l . 1 0 0  E l b o w  f l e x o r s  1 3  0  1 2  0  6 8  N m  6 9  N m  1 . 6  n s  
R u t h e r f o r d  &  
W h i t e 1 3 4  Q u a d r i c e p s  6  5  4  7  5 1 4  N  4 4 8  N  - 1 2 . 8  n s  
G i b s o n  e t  a l . 5 6 Q u a d r i c e p s  6  6  6  6  4 7 6  N  4 4 3  N  - 6 . 9  n s  
K e n t - B r a u n  e t  
a l . 8 2  T i b i a l i s  a n t e r i o r  6  1  4  3  6 2  N  4 1  N  - 3 3 . 9  n s  
S a m i i  e t  a l . 1 3 6  
E x t e n s o r  c a r p i  
r a d i a l i s  ? N = 1 8 ?  ? N = 1 2 ?  1 2  N  1 0  N  - 1 0 . 3  n s  
S a c c o  e t  a l . 1 3 5 E l b o w  f l e x o r s  4  6  4  6  1 8 1  N  1 6 0  N  - 1 1 . 6  n s  
F u l c h e r  &  
W h i t e 4 4  Q u a d r i c e p s  8  2 2  1 7  4 9  4 4 2  N  3 1 0  N  - 2 9 . 9  0 . 0 0 1  
Tab le  7 .1 .  L i t e ra tu re  compar i ng  max ima l  vo lun ta ry  f o r ce  be tween  CFS pa t i en ts
and  hea l t hy  con t ro l s .  The  co lumn  ‘ re la t i ve  d i f f e rence ’  i s  compu ted  by  d i v id ing
the  MVC d i f fe rence  by  t he  MVC va lue  o f  t he  con t ro l s .  The  l as t  co lumn  shows  i f
d i f f e rences  a re  s i gn i f i can t .  
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What  can be the cause of  the decl ine of  central  act ivat ion in  
CFS? The answer can be sought  at  severa l  levels  of  the nervous 
system. Vecchiet  e t  a l .
1 7 8
 repor ted that  CFS pat ients have 
enhanced pain percept ion upon electr ical  s t imulat ion in  their  
muscle t issue.  This  could mean that  pat ients  compared to contro ls 
exper ience more pain re lat ive to  the amount of  per iphera l  
impairment,  which could lead to negat ive feedback and thus 
inhibi t ion of  muscle act ivat ion.  Besides,  severa l  
s tudies
4 4 , 5 5 , 5 6 , 1 0 1 , 1 3 5
 report  h igher  perceived ef for t  dur ing exercise,  
which may induce a reduct ion of  the per formance.  Fear  of  physica l  
movement and act iv i ty  in CFS pat ients has the same ef fect
1 5 7
.  
Thus,  changed percept ions may down-regulate centra l  act ivat ion in 
our  maximal  susta ined force task.  
Impaired concentrat ion or  decreased mot ivat ion may a lso 
contr ibute to  CAF
4 , 8 2
.  Because exper ienced concentrat ion problems 
belong to the key symptoms of  CFS
4 3
,  concentrat ion appears l ike ly 
to  be p laying an important  ro le in  our  f ind ings.  However,  because 
of  the inconsistency between resul ts  of  d i f ferent  s tudies
5 7 , 1 3 0 , 1 3 9
,  i t  
seems to be task-dependent  whether  pat ients focus their  a t tent ion 
as wel l  as heal thy subjects.  Therefore,  i t  is  unsure i f  concentrat ion 
problems may be responsib le for  enlarged CAF in our protocol .  
The ro le of  mot ivat ional  problems in  CFS is s t i l l  controvers ia l ,  
a l though some authors have argued that  mot ivat ion does not  seem 
to be changed
5 7
.  In our  protocol ,  we t r ied to keep mot ivat ion as 
s trong as possible in  both subject  groups by act ive verbal  
encouragement.  In a task or ig inal ly  designed to detect  mal inger ing,  
Van der  Werf  e t  a l .
1 7 4
 showed that  30% of  the CFS pat ients 
obta ined scores ind icat ive of  reduced ef for t .  Because the present 
s tudy showed increased CAF in 100% rather  than in about  30% of  
the pat ients,  we propose that  reduced ef for t  wi l l  at  least  not  to ta l ly  
account  for  the d iminished centra l  act ivat ion.  
Beside these psychological  factors,  more physiological ly  def ined 
changes in  the centra l  nervous system can be proposed as 
contr ibutors to  d iminished centra l  act ivat ion.  Changed cor t icospinal  
exci tabi l i ty  may be present
1 7 , 1 3 5 , 1 3 6 , 1 6 1
,  possib ly caused by al tered 
faci l i ta t ing or  inhib i tory  processes in for  instance motor  or  
premotor areas.  Changed concentrat ions of  neurotransmit ters in 
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CFS
5 5
 may play a ro le in th is.  To what  extent  these physiological  
processes ref lect  the psychological  ones or v ice versa is  unclear .  
 
I t  is  important  to  be aware of  the in f luence of  reduced central  
act ivat ion dur ing MVC determinat ion on studies requi r ing exercise 
at  a  cer ta in re lat ive force level .  From the above,  we must  conclude 
that  in  studies compar ing heal thy and CFS subjects ,  pat ients 
probably  of ten d id thei r  task at  a lower absolute force level ,  so that  
smal ler  demands on muscle capaci ty  were made. This might  for  
example explain the observat ion of  d i f ferences in  cort ica l  
act ivat ion levels  as found by Sami i  e t  a l .
1 3 6
 and Sacco et  a l .
1 3 5
.  
However ,  Sami i  e t  a l .
1 3 7
 show that  postexerc ise faci l i tat ion,  which 
is  measured in  their  paper  on CFS
1 3 6
,  is  hardly  inf luenced by the 
force level  a t  which a contract ion is made in heal thy subjects.  
Though,  in the d iscussion of  studies on CFS the in f luence of  a 
lower absolute force level  should considerably  be taken in to 
account .  
Our  data showed that  a l l  indiv idual  CFS pat ients,  d iagnosed 
accord ing to the CDC cr i ter ia
4 3
,  could have been ident i f ied only 
based on their  CAF value at  the star t  o f  susta ined contract ion 
(>30%).  Therefore,  our  s tudy does not  only serve a theoret ical  
understanding of  the d isease, but  a lso provides an addi t ional  
pract ical  method that  could suppor t  d iagnosis .  
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Abstract 
Fat igue has been descr ibed as a typica l  symptom of  var ious 
neurological  d iseases.  I t  might  be caused both by changes at  the 
per ipheral  and at  the central  level .  This  study measured the level  
o f  exper ienced fat igue and physiological  corre lates of  local  muscle 
fa t igue in  three genet ical ly  def ined neuromuscular  d isorders.  
65 Facioscapulohumeral  dystrophy (FSHD),  79 c lassica l  myotonic  
dystrophy (MD),  73 heredi tary  motor  and sensory neuropathy type I  
(HMSN) pat ients and 24 age-matched heal thy contro ls  made a 2-
min susta ined maximal  vo luntary contract ion of  the b iceps brachi i  
muscle.  Exper ienced fat igue at  the current  moment  was assessed 
wi th the abbreviated fat igue quest ionnaire just  before the 
physiological  measurement .  Per iphera l  fat igue was quant i f ied by 
comparing the ampl i tudes of  an in i t ia l  and a f ina l  st imulated force 
response dur ing rest .  Muscle f ibre conduct ion veloci ty was 
determined f rom a 5-channel  sur face EMG record ing in order to 
show per ipheral  changes dur ing the contract ion.  Centra l  aspects of  
fa t igue were measured us ing super imposed e lectr ical  endplate 
s t imulat ion.  Two weeks la ter ,  the Checkl is t  Indiv idual  Strength 
subscale fa t igue (CIS-fat igue) was used to determine the level  o f  
exper ienced fat igue of  the past  two weeks.  
More than 50% of  the neuromuscular  pat ients showed severe 
exper ienced fat igue.  Tota l  physio logical  and per iphera l  fat igue was 
smal ler  in  pat ients compared to contro ls,  and centra l  fa t igue was 
normal .  The most  in terest ing resul t  of  th is s tudy was the presence 
of  a large centra l  act ivat ion fa i lure (CAF) in  a l l  groups of  
neuromuscular  pat ients;  they showed CAF values of  36 -  41% 
already at  the s tar t  o f  sustained contract ion,  whereas the contro l  
group showed only 12%. CAF corre lated wi th the level  o f  
exper ienced fat igue just  before the test .  
The cause of  the large CAF in pat ients is  unclear .  Reduced 
concentrat ion,  mot ivat ion or  ef for t  can lead to lower centra l  
act ivat ion.  In  neuromuscular  pat ients especial ly  fear  of  physica l  
act iv i ty  or  fear  to damage the muscle or  nerve t issue may 
contr ibute.  Besides,  a lso physio logical  feedback mechanisms or 
changes at  the motocor t ical  level  may be a cause of  reduced 
centra l  act ivat ion.   
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Introduction 
Fat igue is a typica l  symptom of  var ious neurological  d iseases
2 4
.  I t  
is  present in more than 60% of  pat ients wi th a neuromuscular  
d isorder
7 5 , 1 0 7 , 1 2 4
.  In Park inson’s d isease, more fat igue is 
associated wi th less physical  act iv i ty ,  worse physical  funct ion,  and 
lower funct ional  capaci ty
5 2
.  In  current  l i terature,  the term fat igue 
indicates both exper ienced fat igue and types of  physiological  
fa t igue.  
Exper ienced fat igue has been def ined as a d i f f icu l ty in  in i t iat ion 
of  or  susta in ing voluntary act iv i t ies
2 4
.  Krupp and Pol ina
8 9
 have 
descr ibed i t  to  be an overwhelming sense of  t i redness,  lack of  
energy,  and feel ing of  exhaust ion.  The symptom is d is t inguished 
f rom weakness
8 9
 and does not  necessar i ly  correlate wi th s igns of  
physiological  fa t igue
7 2
.  This  lat ter  point ,  however ,  is  not  a lways 
proper ly  recognised in  l i terature.  
Physio logical  fa t igue has been def ined as an exercise- induced 
reduct ion in  maximal  vo luntary muscle force
4 8
.  I t  is  d iv ided in to 
per ipheral  and central  components,  a  div is ion based on whether  a 
loss of  capaci ty  to  generate a maximum force or ig inates in the 
muscle t issue or  in the nervous system, respect ively .  Dur ing a 
sustained maximal  vo luntary contract ion (MVC),  heal thy subjects 
develop both per iphera l  and centra l  fat igue
7 8 , 1 4 0
.  The occurrence of  
centra l  fat igue means that  centra l  act ivat ion worsens dur ing the 
contract ion.  Central  act ivat ion,  however ,  is  sub-opt imal  a l ready at  
the star t  of  a  sustained MVC
1 4 0
.   
L i terature about  physiological  fa t igabi l i ty  in  neuromuscular  
pat ients is  scarce.  I t  is  an in terest ing phenomenon, because the 
muscle i tse l f  -  the motor of  movement and force -  is  af fected.  
McComas and co-workers
1 0 6
 have descr ibed that  increased 
fat igabi l i ty  inev i tably occurs in pat ients wi th muscle weakness,  
regardless whether  the la t ter  is  due to a centra l  or  a per iphera l  
neurological  d isorder .  Not  only  (possibly  indirect)  per iphera l  
changes,  but  a lso centra l  changes could be responsible for  th is.  
Recent ly ,  a l terat ions in  the centra l  nervous system have been 
descr ibed in  neuromuscular  d isorders
2 6 , 3 4 , 4 5 , 9 5 , 1 1 2 , 1 2 1 , 1 5 6
,  but  the ir  
in f luence on fat igue has not  yet  been studied.   
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The aim of  the present  study was to invest igate both per iphera l  
and central  aspects of  physio logical  fa t igue dur ing a sustained 
MVC in neuromuscular  pat ients.  We corre late these factors of  
physiological  fa t igue to the level  o f  exper ienced fat igue just  before 
the test .  To get  a broad overview of  d i f ferent  types of  
neuromuscular  d isorders and to f ind possib le d isease speci f ic  
mechanisms p laying a ro le in the development  of  fa t igue,  we 
studied three genet ica l ly  character ised neuromuscular  d isorders:  
facioscapulohumeral  muscular  dystrophy (FSHD),  a myogenic 
d isorder ;  heredi tary  motor  and sensory neuropathy type Ia (HMSN),  
a neurogenic  disorder;  and myotonic  dystrophy (MD),  a mul t isystem 
disorder .  
Subjects and methods 
Subjects 
Age-matched groups of  65 FSHD-,  79 c lassica l  MD-,  73 HMSN-
pat ients and 24 neurolog ical ly  heal thy contro ls par t ic ipated in the 
study (Table 8.1) .  Pat ients registered in our hospi ta l  or  at  the 
Dutch Neuromuscular  Diseases Associat ion (Verenig ing 
Spierz iekten Neder land,  VSN) were recru i ted.  Only  ambulant  
pat ients,  age 18-60 years,  able of  passive abduct ion of  the le f t  
shoulder  to 90 ْ  were inc luded.  
Disease sever i ty  was determined wi th the Medical  Research 
Counci l  grading scale (MRC; 0 to 5)  invest igat ing the strength of  
the shoulder  abductors,  gr ip force,  foot  extensors and knee 
extensors.  In  order  to character ise the pat ients,  these eight  values 
(both le f t  and r ight)  were averaged (Table 8.1) .  In heal thy subjects 
the mean MRC was 5.0 by def in i t ion.  In  order to  ver i fy  the 
d iagnoses,  the pat ients '  neurologists  were contacted.  In  par t  o f  the 
pat ients,  the d iagnosis  was genet ical ly  conf i rmed (Table 8.1) .  
The protocol  was approved by the Commit tee on Research 
Involv ing Human Subjects Region Arnhem-Ni jmegen.  Al l  subjects 
gave their  wr i t ten in formed consent  before par t ic ipat ion.  
Experienced fat igue 
Just  before the star t  o f  the physiological  protocol ,  a l l  pat ients  and 
16 controls  f i l led out  the 4- i tem abbreviated fat igue quest ionnaire 
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(AFQ)
2
 re ferr ing to the level  of  exper ienced fat igue at  the current  
moment .  Scores range f rom 4 to 28;  h igher  scores ind icate higher  
levels  of  fa t igue.  Four teen days later ,  pat ients  f i l led out  the 
Checkl is t  Ind iv idual  Strength subscale fa t igue (CIS- fat igue) 
evaluat ing the level  o f  exper ienced fat igue dur ing the past  two 
weeks
1 8 2
.  Scores of  th is 8- i tem quest ionnaire range f rom 8 to 56.  
Values ≥ 35 indicate severe fat igue
1 4 6
.  Contro ls only  answered the  
AFQ. 
Physiological  factors of  fat igue 
Experimental  set-up 
The exper imental  design has been used ear l ier  in  s tudies in to 
per ipheral  and central  aspects of  fa t igue in heal thy subjects
1 4 0
 and 
in pat ients wi th chronic fa t igue syndrome
1 4 1
.  I t  is  based on the 
twi tch interpolat ion technique
1 1 0
.   
Subjects  sat  in  a chai r  wi th  their  lef t  arm f ixed in  a dynamometer  
in a hor izonta l  posi t ion wi th the shoulder  in abduct ion,  the elbow in 
a r ight  angle and the forearm supinated.  Trunk and e lbow were 
stabi l ised us ing custom made pads.  The force of  e lbow f lexion was 
measured at  the wr ist .  Force was sampled at  a  rate of  2  kHz and 
low-pass f i l tered (1 kHz).  The maximal  resolut ion of  force 
measurement  was 0.1 N bi t
- 1
.  
Sur face EMG (sEMG) was measured using a mul t i -e lectrode 
array of  f ive gold-coated serrated e lectrodes
1 5
 that  were p laced in 
l ine (electrode d iameter  2 mm; in ter  e lectrode d is tance 3 mm) 
paral le l  to  the f ibre di rect ion of  the biceps brachi i  muscle,  d is ta l  to  
the motor  points .  A reference electrode was p laced at  the elbow 
jo int .  Monopolar  s ignals  were ampl i f ied us ing a 64-channel  
ampl i f ier  system (MARK 6,  Biosemi,  Amsterdam, The Nether lands) ,  
band-pass f i l tered (3.2-800 Hz)  and A/D-conver ted (16 b i ts  wi th  a 
resolut ion of  0 .5 mV bi t
- 1
 at  a  rate of  4  kHz/channel) .  A custom-
made t ime code generator  synchronised force-  and sEMG-data.  
 N A g e M e a n  M R C D N A  
 t o t a l ♂  ( % )  ♀  ( % )  m e a n  S D  r a n g e  m e a n  S D r a n g e  c o n f .  
F S H D  6 5  5 8 . 5  4 1 . 5  4 3 . 1  1 0 . 3  2 2 . 5 - 6 0 . 9  3 . 6  0 . 8 1 . 9 - 5 . 0  8 3 . 1 %  
M D  7 9  5 5 . 7  4 4 . 3  4 1 . 0  9 . 8  2 2 . 5 - 5 6 . 6  3 . 7  0 . 8 2 . 0 - 5 . 0  6 2 . 0 %  
H M S N  7 3  4 1 . 1  5 8 . 9  4 2 . 4  9 . 8  2 0 . 0 - 5 8 . 0  3 . 7  0 . 9 1 . 5 - 5 . 0  4 5 . 2 %  
c o n t r o l  2 4  5 0 . 0  5 0 . 0  4 2 . 1  1 3 . 5  2 1 . 7 - 5 9 . 3  5 . 0  0 . 0 5 . 0 - 5 . 0   
Tab le  8 .1  De ta i l s  o f  sub jec t  g roups  
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Using sel f -adhesive surface electrodes (Teca NCS2000 
d isposable sur face e lectrode system) and a general-purpose 
e lectr ica l  b io-st imulator  (designed and manufactured by the local  
Department  of  Technical  Engineer ing) ,  e lectr ica l  endplate 
s t imulat ion was appl ied over  the motor  points of  the media l  and 
la teral  head of  the b iceps brachi i  muscle
1 4 0
.  A s t imulus event 
consisted of  f ive t imes a 5-pulse 100-Hz t ra in (durat ion 40ms).  
Pulse durat ion usual ly  was 100µs.  In  6 FSHD, 6 MD, 32 HMSN, and 
1 contro l  subject  durat ion was set  at  200 µs,  because force 
responses to shor ter  s t imulat ion were very low. The average of  the 
f ive responses to these short  t ra ins is  referred to as ' the force 
response'  and is  used for  analysis .  Dur ing voluntary contract ion the 
in ter- t ra in in terval  was 300ms, dur ing rest  the in ter- t ra in interval  
was 1000ms.  Pi lo t  exper iments had shown that  these in ter- t ra in 
in tervals  were appropr iate to avoid fusion of  the s ingle force 
responses.  
St imulus intensi ty  was determined by increasing the current  unt i l  
the force did not  r ise anymore or unt i l  pain l imi ted fur ther  increase. 
Al l  SEs were given at  th is  in tensi ty  level  (FSHD: in tensi ty  mean 
41.5,  SD 10.5,  range 20.0-72.9 mA; force mean 9.4,  SD 4.6,  range 
1.9-18.4 N; MD: in tensi ty  mean 37.4,  SD 11.0,  range 19.9-88.4 mA;  
force mean 9.4,  SD 5.0,  range 1.4-25.9 N; HMSN: in tensi ty  mean 
46.9,  SD 9.7,  range 26.0-65.7;  force mean 7.2,  SD 4.3,  range 1.3-
21.7 N;  contro ls:  in tensi ty  mean 44.0,  SD 12.2,  range 21.0-70.0;  
force mean 15.7,  SD 6.5,  range 8.2-31.3 N) .  The in i t ia l  s t imulus 
event  was not  preceded by a shor t  vo luntary contract ion,  because 
p i lo t  exper iments showed that  potent ia t ion did not  occur  wi th th is 
type of  st imulus event .  
Protocol  
The electrophysiological  protocol  has been descr ibed and 
v isual ised ear l ier
1 4 0 , 1 4 1
.  F i rs t ,  subjects made three shor t  MVCs of  
the b iceps brachi i  muscle wi th a 1-min in terval .  Af ter  a 10-min rest ,  
an in i t ia l  SE was appl ied whi le  the subject ’s  b iceps brachi i  muscle 
was relaxed,  resul t ing in the in i t ia l  force response. Then, the 
subject  per formed a 2-min sustained MVC of  the b iceps brachi i  
muscle.  SEs were g iven every 15 s,  leading to super imposed force 
responses.  Verbal  encouragement  was g iven throughout  and real-
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t ime v isual  feedback of  the force was prov ided. Immediate ly  af ter  
the susta ined contract ion,  a f inal  SE was appl ied whi le  the muscle 
was relaxed,  resul t ing in  the f ina l  force response.  
Force analysis 
Voluntary force values are mean values over  2 s  of  data just  
before s t imulat ion,  except  for  the value of  MVC before the 
sustained contract ion (MVC
i
) ,  which is  the t rue maximum. Values 
were obta ined v ia Mat lab 6.5 (The Mathworks Inc. ,  USA).  
Physio logical  fa t igue indicated the total  amount  of  voluntary 
force lost  dur ing the sustained MVC: 
physiological  fa t igue = (1 -  F
1 2 0
/F
0
)  *  100%, in  which F
1 2 0
 is  the 
voluntary force at  the end and F
0
 a t  the star t  o f  susta ined MVC. A 
h igher  score indicates more fat igue.  
Per iphera l  fa t igue was determined by:  
per ipheral  fa t igue = (1 – F s
e
/F s
b
)  *  100%, where F s
b
 is the 
ampl i tude of  the in i t ia l  (before sustained MVC) and F s
e
 the 
ampl i tude of  the f inal  (af ter  susta ined MVC) force response dur ing 
rest .  A higher  score ind icates a h igher  loss of  force due to 
per ipheral  changes,  and thus more per iphera l  fat igue.  
Centra l  act ivat ion fa i lure (CAF) af ter  t  s of  susta ined MVC was 
calculated by:  
CAF
t
 =  F s x
t
 /  (F s
b
 –  t /120 *  (F s
b
 –  F s
e
) )  *  100%, where F s x
t
 is  the 
ampl i tude of  the super imposed force response af ter  t  s f rom the 
star t  o f  susta ined MVC. In  ca lculat ing CAF
t
,  the in f luence of  
changing per iphera l  fa t igue on the s ize of  the super imposed force 
responses dur ing MVC is  taken in to account ,  as descr ibed 
ear l ier
1 4 0
.  CAF was determined us ing Excel  2000 (Microsof t ) .  A 
h igher  va lue of  CAF indicates less central  act ivat ion.  
Centra l  fat igue is def ined as the change of  CAF dur ing the 
sustained MVC, thus:  
centra l  fat igue = CAF
1 2 0
 –  CAF
0
.  
A higher  score means that  more fat igue occurs due to changes at  
the centra l  level .  
SEMG analysis 
SEMG values used were calculated wi th Mat lab 6.5 (The 
Mathworks)  f rom 2 s of  data just  before st imulat ion.  As descr ibed 
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in  more deta i l  before
1 4 0 , 1 4 1
,  muscle f ibre conduct ion veloc i ty  
(MFCV) was determined f rom four  out  of  f ive electrodes.  The upper 
l imi t  o f  MFCV was set  at  8  m s
- 1
,  based on physio logical  l imi ts.  
MFCV is  known to decrease wi th per ipheral  fa t igue
1 0 9 , 1 8 6
 and 
therefore used as a measure of  per ipheral  fa t igue dur ing susta ined 
MVC. 
Stat ist ical  analysis 
Dif ferences between controls  and the tota l  group of  pat ients were 
tested wi th an independent  samples t - test .  Possib le d i f ferences 
between the three pat ient  groups were analysed wi th one-way 
ANOVA (analysis of  var iance) .  The possible change of  a var iable 
dur ing the sustained contract ion was determined by l inear  
regression.  Slopes as wel l  as the amount  of  per ipheral  fa t igue were 
tested by one-sample t - tests .   
In  correlat ions in which MRC values were involved,  Spearman's ρ  
was used.  These were not  calculated for  heal thy contro ls,  because 
mean MRC is  5.0 in  any contro l  by def in i t ion.  In  other corre lat ions,  
we used Pearson's coef f ic ient  ( r ) .  Al l  s tat is t ica l  tests were 
per formed wi th the Stat is t ica l  Package for  the Social  Sciences 
(SPSS 12.0.1) .  S igni f icance level  was set  at  p  < 0.05 ( two-tai led) .  
A l l  values presented are means (s tandard deviat ions).  
Results 
Three subjects  (2 HMSN and 1 MD) did not  sustain the 2-min MVC. 
Measurements of  two FSHD subjects were stopped because the 
subjects  fa inted dur ing detect ion of  the motor  points.  
Measurements of  1 FSHD and 1 MD pat ient  fa i led because of  
technical  problems.  Of  these seven subjects  no force data was 
analysed.  Electr ical  s t imulat ion d id not  resul t  in  a suf f ic ient  force 
response in  4 FSHD, 6 MD and 17 HMSN pat ients.  A l though no 
st imulat ion data was avai lable,  o ther  data of  th is  group was used in  
fur ther  analyses.  
Experienced fat igue 
Answering the AFQ, pat ients repor ted a s igni f icant ly  h igher  level  o f  
current  exper ienced fat igue than controls  [Table 8.2,  F ig.  8 .1,  AFQ: 
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t  = 8.4;  p  < 0.001] .  There were no s igni f icant  d i f ferences between 
the three pat ient  groups.  CIS- fat igue revealed high mean scores in  
pat ients for  the level  o f  exper ienced fat igue dur ing the past  two 
weeks [FSHD: 32.1 (11.7) ;  MD: 34.1 (10.5) ;  HMSN: 34.9 (12.9) ] .  
More than hal f  o f  the pat ients showed CIS-fat igue ≥ 35,  which is  
considered severe ly  fa t igued 
1 4 6
 [FSHD: 50.8%; MD: 53.2%; HMSN: 
54.8%].  In a l l  pat ient  groups,  AFQ values concerning the current  
fa t igue level  correlated s igni f icant ly  wi th  the level  of  exper ienced 
fat igue dur ing the past  two weeks (CIS- fat igue)  [FSHD: r  = 0.68,  p 
< 0.001;  MD: r  = 0.53,  p < 0.001;  HMSN: r  = 0.78,  p < 0.001] .  
Physiological  fat igue 
MVC of  the biceps brachi i  muscle before susta ined contract ion 
(MVC
i
)  was s igni f icant ly  [ t  =  -4.8;  p  < 0.001]  lower in  pat ients than 
in  contro ls (Table 8.2) .  ANOVA showed no di f ference between the 
three pat ient  groups.  MVC at  the star t  o f  susta ined contract ion 
(MVC
0
)  d i f fered in  the same way between the groups [ t  =  -5.9;  p < 
0.001]  (Fig.  8 .2A).  MVC
0
 correlated negat ively  wi th AFQ scores in  
FSHD and HMSN [FSHD: r  = -0.29,  p = 0.031;  HMSN: r  = -0.28,  p = 
0.024] .  
In  a l l  groups,  MVC decl ined s igni f icant ly  dur ing the sustained 
contract ion (FSHD: s lope = -0.24 (0.39)% s
- 1
,  t  =  -4.7,  p  < 0.001;  
MD: s lope = -0.27 (0.27)  s
- 1
,  t  = -8.9,  p  < 0.001;  HMSN: s lope = -
0.26 (0.23)% s
- 1
,  t  = -8.9,  p  < 0.001;  contro ls:  s lope = -0.44 
(0.12)% s
- 1
,  t  =  -18.2,  p  < 0.001).  This decl ine was s lower in  
F ig .  8 .1 .  Leve l  o f  expe r i enced
fa t i gue  a t  t he  cu r ren t  moment
measu red  w i t h  t he  AFQ jus t  be fo re
the  phys io l og ica l  p ro toco l .  Sco res
can  range  f r om 4  to  28 .  H ighe r
sco res  ind ica te  h igher  l eve ls  o f
expe r i enced  fa t igue .  Each  symbo l
rep resen ts  an  i nd iv i dua l  sub jec t .
Ho r i zon ta l  l i nes  show  g roup
ave rages .  Pa t i en t  g roups  c l ea r l y
show  h ighe r  mean  va lues  t han  t he
con t ro l  g roup ,  a l t hough  i nd i v idua l
pa t i en ts  m igh t  have  no rma l  va lues .  
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pat ients than in  contro ls  [ t  =  3.0;  p  = 0.003] ,  but  d id not  d i f fer  
between the pat ient  groups (Fig.  8 .2A).   
Physio logical  fa t igue,  which is  the s ize of  the decl ine of  
vo luntary force,  was s igni f icant ly  larger in  contro ls than in  pat ients 
[ t  =  -5.6;  p  < 0.001] and d id not  d i f fer  between the three pat ient  
groups.  I t  corre lated posi t ive ly  wi th mean MRC in a l l  pat ient  groups 
[FSHD: ρ = 0.34,  p = 0.010;  MD: ρ = 0.24,  p = 0.035;  HMSN: ρ = 
0.45,  p < 0.001] ,  and wi th AFQ in the HMSN group only  [HMSN: r  = 
-0.25,  p = 0.043] .  
Peripheral  fat igue 
In  a l l  groups,  the relat ive ampl i tude of  the f inal  force response -  
compared wi th the ampl i tude of  the in i t ia l  force response -  showed 
that  per iphera l  fa t igue had occurred [FSHD: t  = 8.7,  p < 0.001;  MD: 
t  =  9.7,  p  < 0.001;  HMSN: t  = 10.3,  p  < 0.001,  contro ls:  t  =  18.2,  p 
< 0.001]  (Table 8.2) .  Less per ipheral  fat igue occurred in  pat ients 
than in  contro ls [ t  = -6.2;  p  < 0.001] ,  whereas the three pat ient  
groups did not  d i f fer .  
The course of  per ipheral  fa t igue development  dur ing the 
sustained MVC, represented by MFCV values,  is  shown in F ig.  
8 .2B. Al l  groups showed a negat ive s lope not  d i f ferent  between the 
groups (FSHD: s lope = -0.013 (0.013)  m s
- 2
,  t  = -6.1,  p  < 0.001;  
MD: s lope = -0.010 (0.008)  m s
- 2
,  t  =  -9.7,  p  < 0.001;  HMSN: s lope 
= -0.011 (0.009)  m s
- 2
,  t  = -9.4,  p  < 0.001;  contro ls:  s lope = -0.012 
(0.008) m s
- 2
,  t  =  -7.1,  p  < 0.001) .   
Per iphera l  fa t igue corre lated posi t ively  wi th mean MRC in FSHD 
[FSHD: ρ = 0.27,  p = 0.041] .  I t  d id  not  corre late wi th AFQ, nei ther  
in  pat ients nor  in  contro ls.  
 
 
 M V C i  ( N )  
E x p e r i e n c e d  
f a t i g u e  ( A F Q )
P h y s i o l o g i c a l  
f a t i g u e  ( % )  
P e r i p h e r a l  
f a t i g u e  ( % )
C e n t r a l  
f a t i g u e  ( % )  C A F 0  ( % )  
F S H D  1 3 3 . 5  ( 6 6 . 0 )  1 4 . 2  ( 5 . 7 )  2 9 . 3  ( 4 8 . 1 )  2 7 . 4  ( 2 4 . 0 ) 4 . 5 ( 2 6 . 6 )  3 3 . 9  ( 2 3 . 7 )  
M D  1 3 0 . 6  ( 6 4 . 9 )  1 6 . 1  ( 5 . 8 )  3 7 . 3  ( 3 3 . 4 )  2 9 . 5  ( 2 6 . 1 ) 1 . 7  ( 2 6 . 6 )  4 1 . 4  ( 2 5 . 7 )  
H M S N  1 4 8 . 3  ( 7 9 . 0 )  1 6 . 6  ( 6 . 3 )  3 6 . 3  ( 3 2 . 6 )  3 4 . 2  ( 2 4 . 8 ) 1 5 . 1 ( 4 6 . 0 )  3 6 . 4  ( 2 3 . 4 )  
c o n t r o l  2 0 9 . 8 ( 6 4 . 5 )  7 . 1  ( 3 . 7 )  5 4 . 3  ( 1 0 . 9 )  5 0 . 8  ( 1 3 . 7 ) 3 . 9  ( 1 3 . 4 )  1 2 . 4  ( 1 0 . 7 )  
Tab le  8 .2  Force  and  f a t i gue  va lues  
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Central  act ivat ion fai lure and fat igue 
At the star t  o f  the susta ined MVC, pat ients showed higher  CAF 
values than contro ls [ t  =  8.9;  p  < 0.001]  (Fig.  8 .2C,  Fig.  8 .3,  Table 
8.2) .  Values in  the three pat ient  groups were s imi lar .  CAF
0
 
corre lated negat ive ly  wi th mean MRC in FSHD and HMSN [FSHD: ρ 
= -0.27,  p = 0.038;  HMSN: ρ = -0.39,  p = 0.004] .  I t  corre lated 
posi t ive ly  wi th AFQ in HMSN [ r  = 0.31,  p = 0.022] ,  but  not  in  the 
other  pat ient  groups nor  in  the control  group.  Taking an average 
CAF of  the f i rs t  30 s MVC s l ight ly  reduced the var iance of  CAF 
 
F ig .  8 .2 .  Vo lun ta r y  fo r ce  (A ) ,
musc le  f i b re  conduc t i on  ve loc i t y
(B )  and  cen t ra l  ac t i va t i on  f a i l u re
(C )  du r i ng  a  2 -m in  sus ta ined  MVC.
A t  the  s ta r t  o f  the  con t rac t i on ,
pa t i en ts  show  l owe r  vo lun ta r y  f o rce
and  h ighe r  cen t ra l  ac t i va t i on  f a i l u re
than  con t ro l s .  Vo lun ta r y  f o r ce
dec l ines  s lowe r  i n  pa t ien ts  t han  in
con t ro l s .  
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va lues in  contro ls,  FSHD and MD. This CAF
0 - 3 0
 d id  correlate wi th 
AFQ scores in  a l l  three pat ient  groups but  not  in  contro ls,  a l though 
p-values in FSHD were border l ine [FSHD: r  = 0.26,  p = 0.051;  MD: 
r  = 0.27,  p = 0.022;  HMSN: r  = 0.32,  p = 0.019] .  
Only in  the HMSN-group,  the s lope of  CAF dur ing the sustained 
contract ion was s igni f icant ly  posi t ive [s lope = 0.10 (0.34)% s
- 1
,  t  = 
2.0,  p = 0.046] .  However,  ANOVA did not  show a d i f ference 
between th is s lope and the s lopes of  the other  pat ient  groups.  
Slopes of  pat ients and contro ls  d id not  d i f fer  s igni f icant ly .  Centra l  
fa t igue,  measured as the di f ference of  CAF
1 2 0
 and CAF
0
,  was 
s igni f icant ly  posi t ive in  HMSN [ t  = 2.4,  p  = 0.019],  and not  in the 
other  groups.  Though,  again ANOVA did not  reveal  a d i f ference 
between the three pat ient  groups and centra l  fa t igue was not  
d i f ferent  between pat ients and contro ls .  In  none of  the groups 
centra l  fat igue correlated wi th mean MRC or  AFQ. 
Discussion 
This s tudy shows that  more than 50% of  the neuromuscular 
pat ients has severe exper ienced fat igue.  In a sustained MVC 
protocol ,  to ta l  physio logical  fat igue and per ipheral  fa t igue are 
smal ler  in  neuromuscular  pat ients,  but  centra l  fa t igue is  s imi lar  in 
F ig .  8 .3 .  Cen t ra l  ac t i va t ion  fa i l u re  i n  FSHD- ,  DM- ,  and  HMSN-pa t ien t s ,  and 
hea l thy  con t ro l s  a t  t he  s ta r t  o f  sus ta ined  MVC.  Each  symbo l  r ep resen ts  a  mean
CAF o f  the  f i r s t  30  s  MVC w i th i n  one  i nd iv i dua l .  Ho r i zon ta l  l i nes  show  g roup
ave rages .  Pa t i en t  g roups  c lea r l y  show  h ighe r  mean  va lues  than  the  con t ro l
g roup ,  a l t hough  i nd iv i dua l  pa t ien ts  m igh t  have  no rma l  va lues .  Theo re t i ca l l y ,
CAF  va lues  l i e  be tween  0  and  100%.  In  bo th  DM and  HMSN one  a r t i f i c ia l l y  h igh  
va lue  has  been  found ,  wh i ch  mus t  be  asc r ibed  t o  i naccu racy  o f  t he
measu remen ts .  
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pat ients and contro ls .  Act ivat ion of  the muscle by the centra l  
nervous system was shown to be less ef f ic ient  in  pat ients than in 
contro ls.  The level  of  central  act ivat ion fa i lure corre lated posi t ive ly 
wi th the level  o f  exper ienced fat igue.  A remarkable s imi lar i ty  is  
present  in  a l l  aspects of  fa t igue in  the three groups of  
neuromuscular  pat ients.  
Experienced fat igue 
Neuromuscular  pat ients exper ience a h igh level  o f  fa t igue:  pat ients '  
mean AFQ values were c lear ly h igher  than normal,  both when 
compared to va lues measured in  our  contro l  group and to reference 
values repor ted in  l i terature
2
.  Correspondingly ,  CIS-fat igue scores 
of  the neuromuscular  pat ients  were much higher  than in  the normal  
working populat ion
1 0
.  The correlat ion between AFQ and CIS- fat igue 
showed that  the level  o f  exper ienced fat igue at  the current  moment 
paral le ls  the level  o f  long-term fat igue.  
Peripheral  fat igue 
Lower per ipheral  fa t igabi l i ty  was present  in  pat ients compared wi th 
contro ls.  This contrasts wi th the increased fat igabi l i ty  that  was 
found dur ing in termit tent  exercise in  pat ients wi th amyotrophic 
la teral  sc leros is
1 5 0
,  postpol iomyel i t is  syndrome
1 4 9
 and mul t ip le 
sclerosis
1 0 6
.  Schul te-Mat t ler  and coworkers
1 4 3
 descr ibed excessive 
per ipheral  fa t igue dur ing repet i t ive electr ical  st imulat ion in 
mi tochondr ia l  encephalomyopath ies and a hodgepodge of  other  
neuromuscular  d isorders,  among which FSHD, MD and a 
polyneuropathy.  In  contrast  to our  work,  both the in termit tent  
exerc ise tasks and the non- tetanic  contract ions af ter  e lectr ica l  
s t imulat ion avoid vascular  occlusion.  
In  our  protocol ,  b lood f low wi l l  have been occluded less in  the 
major i ty  of  pat ients than in  the contro ls.  This  resul ts  f rom the lower 
in tramuscular  pressure,  due to the smal ler  MVC in pat ients
1 8 6
.  The 
ongoing blood f low keeps the in tracel lu lar  state in  pat ients  bet ter  
than in contro ls.  I f  our  protocol  had avoided vascular  occlus ion in  
both pat ients and contro ls,  resul ts on per iphera l  fa t igabi l i ty  
possibly  would have been more in  l ine wi th the l i terature.  
Per iphera l  fa t igue was not  re lated to the current  level  o f  
exper ienced fat igue.  
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Central  act ivat ion fai lure and fat igue 
Centra l  fat igue was min imal  in  a l l  groups.  In  contrast  to our  former 
s tudies
1 4 0 , 1 4 1
,  even heal thy contro ls  d id show no centra l  fa t igue.  
This may have to do wi th the h igher age of  the newly studied 
group.  How centra l  fa t igue re lates to age,  seems to be task-
dependent  and possibly  a lso depends on the methodology used for  
CAF assessment
6
.  Our  resul ts  do not  show any re lat ionship 
between centra l  and exper ienced fat igue,  which is not  surpr is ing 
regarding the very low central  fa t igue in al l  groups.  
In  contrast ,  CAF at  the star t  o f  sustained MVC is  greater in 
pat ients compared wi th contro ls ,  and does relate to  the level  o f  
exper ienced fat igue.  
Of  importance for  the discrepancy between physiological  fa t igue 
measures and the level  o f  exper ienced fat igue is  the d i f ference in  
concepts.  Physio logical  fa t igue has been def ined as an exercise-
induced reduct ion in  maximal  vo luntary muscle force
4 8
.  In  contrast ,  
exper ienced fat igue has been character ised as a di f f icu l ty  in 
in i t ia t ion of  or  sustain ing voluntary act iv i t ies
2 4
.  I t  is  a  s tate not  
necessar i ly  induced by exercise.  CAF at  the s tar t  o f  susta ined 
contract ion is  not  in f luenced by exercise.  This  may explain why 
CAF corre lates bet ter  wi th  the level  o f  exper ienced fat igue than the 
exerc ise-dependent  physiological ,  per iphera l  and centra l  fat igue.  
 
As descr ibed above,  CAF is  h igher  in  neuromuscular  pat ients than 
in  contro ls.  This  resul t  seems to be in  accordance wi th one of  the 
f indings of  Di  Lazzaro et  a l .
3 4
.  They showed an increased rest ing 
motor threshold in  FSHD using t ranscrania l  magnet ic  st imulat ion 
(TMS),  which might  ind icate lower rest ing membrane potent ia ls  of  
the cor t ical  and/or  sp inal  motoneurons
2 1
.  In  contrast ,  L ieper t  and 
co-workers
9 5
 d id  not  observe a d i f ferent  motor  threshold in  a group 
of  10 myopath ic  pat ients,  including 6 FSHD pat ients.  TMS in MD 
pat ients did not  show a s igni f icant  change in rest ing motor 
threshold,  a l though i t  demonstrated a prolongat ion of  centra l  motor  
conduct ion t ime in  pat ients,  which was related to motor  threshold 
value
1 2 1
.  
Increased CAF also seems to contradic t  the lowered in tracor t ical  
inhib i t ion observed wi th TMS in FSHD and other  myopathies
3 4 , 9 5
.  
Enhanced exci tabi l i ty  of  α-motoneurons and increased ampl i tudes 
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of  motor-evoked potent ia ls ,  descr ibed in  myopathies by L ieper t  e t  
a l .
9 5
 do not  seem to be consis tent  wi th  our  resul ts.  However,  the 
t ranslat ion of  resul ts of  isolated shor t-pulse TMS exper iments in to 
the behaviour  of  the brain in  a more natura l  s i tuat ion remains 
d i f f icul t .  Apparent ly ,  a l though some systems possibly  promote 
enhanced act ivat ion,  in  neuromuscular  pat ients the output  f rom the 
tota l  chain of  motor  act ivat ion is  reduced.  
 
I t  is  unclear  which factors cause the reduced centra l  act ivat ion in 
FSHD, MD and HMSN. In general ,  reduced concentrat ion,  
mot ivat ion and ef for t  increase CAFvalues
4 9 , 8 0 , 8 2 , 1 0 0
.  We tr ied to 
d iminish the contr ibut ion of  these factors by act ive ly encouraging 
the subjects  and by provid ing real- t ime v isual  feedback of  the 
per formance
1 5 5
.  Pain,  descr ibed as a symptom of  these 
neuromuscular  d isorders
2 0 , 2 2 , 1 2 7
 or  o ther  feedback f rom muscles,  
jo in ts  and tendons may have reduced centra l  act ivat ion
4 9 , 5 8 , 1 3 3
.  
A l though muscle weakness is the most obvious symptom of  
FSHD, MD and HMSN, i t  cannot  be excluded that  other  systems, 
e.g.  the (centra l )  nervous system, are af fected.  In FSHD, the 
per ipheral  a f ferent  sensory pathways
3 8
,  and in  MD funct ioning of 
the sensory cor tex have been shown to be al tered
1 1 2
.  Funct ional  
changes at  the motor  cor t ica l  level  have been descr ibed in  severa l  
neuromuscular  d isorders
2 6 , 3 4 , 9 5 , 1 2 1
.  These may be a consequence of  
decondi t ion ing or  the relat ively  large demands on the af fected 
neuromuscular  system in dai ly  l i fe.  I t  is  wel l  known that  recrui tment  
of  motor uni ts  in neuromuscular  d isorders is  abnormal.  In  
myopathies more motor  uni ts  are recrui ted already at  low force 
levels ;  in neuropathies on the other  hand,  force is main ly regulated 
by contro l  o f  f i r ing rate
1 3 8
.  In both c i rcumstances the act ivat ion 
pat tern of  the centra l  nervous system may not  be sui ted to 
counteract  the per iphera l  problems,  resul t ing in  subopt imal  dr ive.  
The level  o f  exper ienced fat igue and CAF are corre lated,  
a l though explained var iance is  l imi ted.  This suggests that  
exper ienced fat igue in f luences CAF.  Though,  we cannot  exclude 
the reverse:  CAF may (par t ly)  contro l  the exper ience of  fa t igue.  In  
th is  l ight ,  i t  is  in terest ing that  pat ients wi th chronic  fa t igue 
syndrome, whose main compla int  is  the exper ience of  severe 
fat igue,  show greater CAF as wel l
8 2 , 1 4 1
.  
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F inal ly ,  some pharmaceut ical  agents may inf luence CAF
7 6
 by  
changing neuronal  funct ioning.  Whi le  about  a th i rd of  our 
neuromuscular  pat ients used any form of  medicat ion,  we checked i f  
th is could expla in the higher va lues of  CAF in our  group of  
pat ients.  Sub group analyses,  however ,  showed that  CAF values of  
only  medicat ion- free pat ients  were a lso increased.  
 
Consider ing c l in ica l  pract ice,  i t  is  important  to  not ice that  MRC and 
MVC values can be strongly  in f luenced by the amount  of  CAF. 
Reduced centra l  act ivat ion fur ther  decreases the maximal  vo luntary 
force in  neuromuscular  pat ients who general ly  a l ready have 
reduced muscle force because of  changes in  the muscle and/or  
nerve t issue.  Therefore,  these measures do not  prov ide an 
object ive evaluat ion of  neuromuscular  funct ioning.  Especial ly  in 
weaker  pat ients conclusions about  muscle funct ioning should be 
drawn wi th great  care,  because CAF and mean MRC turned out  to  
be negat ive ly  corre lated in  two of  the three pat ient  groups.  How i t  
in f luences the dai ly  l i fe  of  pat ients is  unclear .  Compared to 
contro ls,  pat ients wi l l  more of ten need a higher  percentage of  MVC 
to per form dai ly  tasks.  However,  a  task,  l ike the one we used,  is  
uncommon in dai ly  l i fe.  I f  centra l  act ivat ion is  a lso diminished 
dur ing short  contract ion is  formal ly  unknown, but  seems to be l ike ly  
consider ing the large CAF at  the star t  o f  sustained contract ion. 
Resis tance t ra in ing has been suggested as a way to reduce CAF, 
but  conclusive ev idence has not  yet  been prov ided
1 5 5
.  However ,  
resul ts  of  L indeman et  a l .
9 6
 indeed strongly  suggest  a reduct ion of  
CAF dur ing a t ra in ing program in HMSN pat ients.  
 
In  conclusion,  th is  paper  shows that  a l though neuromuscular  
pat ients exper ience considerably  more fat igue than heal thy 
contro ls,  nei ther  centra l  nor per iphera l  fa t igue is  increased.  
Already at  the s tar t  o f  sustained MVC, neuromuscular  pat ients 
show diminished centra l  act ivat ion,  which is correlated to the level  
o f  exper ienced fat igue.  At  present ,  we can only  speculate about  the 
cause of  th is  central  act ivat ion fa i lure.  For  c l in ical  pract ice,  i t  is  
important  to  bear the consequences in  mind.  
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Contribution of central and peripheral 
factors to residual fatigue in Guillain-
Barré syndrome 
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Abstract 
The major i ty  of  neurological ly  ‘wel l - recovered’  Gui l la in-Barré 
syndrome (GBS) pat ients suf fer  f rom excessive fat igue.  To dissect  
fa t igue in  these pat ients,  we determined the relat ive contr ibut ion of  
per ipheral  and central  factors dur ing a fat igu ing susta ined maximal  
vo luntary contract ion (MVC) in  these pat ients.   
Ten fat igued but  neuro logical ly  re lat ive ly  ‘wel l - recovered’  GBS 
pat ients,  and 12 age- and sex-matched heal thy contro ls 
par t ic ipated in  th is  study.  Exper ienced fat igue was evaluated using 
the Fat igue Sever i ty  Scale (FSS) and Abbreviated Fat igue 
Quest ionnaire (AFQ).  Physiological  fa t igue was def ined as the 
decl ine of  vo luntary force dur ing a 2-min susta ined MVC of  the 
b iceps brachi i .  The re lat ive amounts of  per ipheral  fa t igue and 
centra l  act ivat ion fa i lure (CAF) were determined combin ing 
voluntary force and force responses to electr ica l  s t imulat ion.  
Addi t ional ly ,  sur face EMG was used to determine muscle f iber  
conduct ion veloci ty (MFCV) dur ing the contract ion.  
Exper ienced fat igue scores were s igni f icant ly  h igher  in  pat ients 
than in  contro ls .  Dur ing the f i rs t  minute of  sustained MVC,  
per ipheral  fa t igue developed s lower in  pat ients,  and centra l  fa t igue 
occurred in  pat ients but  not  in  contro ls.  The MFCV was h igher in  
pat ients.  The in i t ia l  MVC, decrease of  MVC, the in i t ia l  force 
response and the in i t ia l  CAF did not  s igni f icant ly  d i f fer  between the 
groups.  
Our resul ts  could wel l  be the consequence of  pers istent  axonal  
loss of  motoneurons af ter  GBS. This  suggest  involvement  of  
per ipheral  changes in the pathogenesis  of  fa t igue af ter  GBS. 
Gui l la in-Barré syndrome   115 
Introduction 
Gui l la in-Barré syndrome (GBS),  a monophasic  immune-mediated 
d isease of  the per ipheral  nervous system, is  character ized by 
acute symmetr ical  l imb weakness and reduct ion or  loss of  myotat ic  
ref lexes as a consequence of  nerve conduct ion (NC) fa i lure
1 8 , 6 0 , 1 7 0
.  
Var ious c l in ical  and e lectrophysiological  subtypes can be 
d ist inguished,  ranging f rom a pure motor  form to the c lassica l  
demyel inat ing type of  the disease
1 8 , 6 0 , 1 7 0
.  Despi te re lat ive ly  good 
neurological  recovery,  the major i ty  of  GBS pat ients remain 
severe ly  fa t igued
1 0 7
.  In  order to  e lucidate possible ‘per iphera l ’  
pathophysio logical  mechanisms of  these fat igue complaints  in  GBS 
pat ients,  convent ional  NC and conduct ion veloci ty  d is tr ibut ion 
(CVD) studies have been per formed
5 3
.  CVD values showed 
narrowing of  the spectrum of  d i f ferent  NC veloci t ies,  wi th  loss of  
the extreme values,  but  a corre lat ion between NC al terat ions and 
severe fat igue could not  be found.  Al though fat igue is  one of  the 
most  d isabl ing res idual  symptoms and ser iously  af fects qual i ty  of  
l i fe ,  i ts  pathophysio logical  mechanisms remain largely  unknown. 
Since d i f ferent  physica l  and psychological  factors might  
contr ibute to  fat igue in  GBS
5 4 , 1 0 7
,  we hypothesize that  residual  
fat igue in GBS has a per ipheral  neuromuscular  or ig in,  possib ly 
combined wi th addi t ional  centra l  components.  The hypothesis of  
centra l  nervous system involvement  may be re lated to centra l  whi te 
mat ter  lesions,  which can be found in  some pat ients in  the acute 
phase of  GBS
6 3 , 1 0 3 , 1 1 4 , 1 2 3 , 1 6 9
,  or  to  the decreased concentrat ions of  
hypocret in in  the l iquor of  some GBS pat ients,  the 
pathophysio logical  hal lmark of  narcolepsia-cataplexia
7 , 1 1 7
.  
Compla ints of  fa t igue af ter  GBS might  a lso be of  psychological  
or ig in,  a  consequence of  a potent ia l ly  l i fe threatening d isease l ike 
GBS. 
To date i t  is  possible to  dissect  the relat ive contr ibut ions of  
per ipheral  and centra l  factors to  physiological  fa t igue dur ing a 
sustained contract ion
1 2 , 4 8 , 1 4 2 , 1 6 8
;  force loss due to dis turbances in   
the neuromuscular  junct ion and muscle t issue are regarded as 
per ipheral ,  and any dis turbances in  the nervous system as centra l .  
We used th is technique to s tudy the d i f ferent  aspects of  fa t igue 
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af ter  GBS and discuss i ts  possible under ly ing pathophysiological  
mechanisms.  
Patients and Methods 
Patient  population 
Eleven ‘neurological ly  re lat ively  wel l - recovered’  GBS pat ients 
(def ined as pat ients wi th GBS-disabi l i ty  score of  1  or  2)
8 4
 
par t ic ipated in  th is  observat ional  study.  Al l  GBS pat ients in i t ia l ly  
suf fered c l in ical ly  f rom acute in f lammatory demyel inat ing 
polyneuropathy (AIDP).  In  7 pat ients an e lectromyogram (EMG) 
was avai lab le,  support ing th is in i t ia l  c l in ica l  d iagnosis  of  AIDP.  The 
pat ients in i t ia l ly  par t ic ipated in a t ra in ing intervent ion study on 
t reatment  of  severe fat igue
5 4
.  Pat ients were el ig ib le for  th is  
t ra in ing study when they were severe ly fa t igued (mean fat igue 
sever i ty  scale (FSS) score at  least  5.0 out  of  7 .0)
8 8
,  and 
neurological ly  s table (no apparent  change in  GBS-disabi l i ty  score 
for  at  least  3 months)
8 4
.  A l l  pat ients  had been screened to exc lude 
concomitant  condi t ions ( i .e.  depression)  or  use of  medicat ion that  
might  cause or  in f luence fat igue.  This  t ra in ing program improved 
sel f - repor ted fat igue scores,  but  se l f -exper ienced fat igue remained 
s igni f icant ly  increased in  pat ients compared to contro ls
5 4
.  Twelve 
age-  and sex-matched heal thy contro ls  were included.  Contro ls  
were heal thy volunteers or  acquaintances of  the examined pat ients .  
The local  e th ics commit tee of  the Radboud Universi ty  Ni jmegen 
Medical  Center  approved the protocol  and exper iments were 
per formed in  accordance wi th the Declarat ion of  Hels ink i .   
Assessment scales of  experienced fat igue 
Before the par t ic ipants underwent  the measurements,  they were 
addi t ional ly  evaluated using two assessment  scales:  the FSS and 
Abbreviated Fat igue Quest ionnaire (AFQ).  
The FSS is  a 9- i tem quest ionnaire wi th answers ranging f rom 1 
(“s trongly d isagree”)  to 7 (“s trongly  agree”)  for  each inquiry  in  
re lat ion to fa t igue.  The mean score of  the 9 inquir ies ranges f rom 1 
(“no s igns of  fa t igue”)  to  7 (“most  d isabl ing fat igue”) .  The FSS is a 
br ie f  and s imple sel f -assessed quest ionnai re,  evaluat ing fat igue in  
the past  week.  The FSS was recent ly va l idated and examined in  
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terms of  i ts  reproducibi l i ty  ( in ternal  consis tency,  re l iab i l i ty  and 
val id i ty ,  test-retest)  in pat ients wi th immune-mediated 
polyneuropath ies and t ranslated in to Dutch before i ts  use
8 8 , 1 0 7
.  The 
FSS was completed before the star t  o f  the exper iment.  
The AFQ is  a 4- i tem quest ionnaire.  As in the FSS, each i tem is  
answered on a 7-point  scale.  Scores range f rom 4 to 28;  a higher 
score indicates a higher  level  of  se l f -perceived fat igue.  The Dutch 
version of  the AFQ was used.  I t  was f i l led out  just  before the star t  
and just  a f ter  the end of  the physiological  measurement,  re ferr ing 
to the level  o f  exper ienced fat igue at  the current  moment
1 , 2
.   
Physiological  factors of  fat igue 
Experimental  set-up and protocol  
The exper imental  setup has been publ ished before
1 4 0 , 1 4 1
.  The 
protocol  was based on the twi tch in terpolat ion technique
4 8
.  
Subjects  sat  in  a chai r  wi th  their  le f t  arm f ixed in  a dynamometer in  
a hor izonta l  posi t ion wi th the shoulder  in abduct ion,  the elbow in a 
r ight  angle and the forearm supinated.  Trunk and elbow were 
stabi l ized us ing custom made pads.   
In i t ia l ly ,  subjects  made three shor t  MVCs,  each separated by a 
1-min rest .  Then,  af ter  a 10-min rest  per iod,  subjects were 
instructed to make a 2-min susta ined MVC of  their  b iceps brachi i  
muscle.  Before and d irect ly  af ter  contract ion,  a s t imulus event  
(descr ibed below) was appl ied to the re laxed muscle.  Dur ing MVC, 
s t imulus events were appl ied every 15 s,  s tar t ing d irect ly  af ter  the 
s tar t  of  contract ion.   
Electr ical  st imulat ion 
Electr ical  s t imulat ion was appl ied over the motor  points .  To 
determine st imulus in tensi ty and to get  subjects  used to 
s t imulat ion,  before the star t  of  the protocol  st imul i  were appl ied 
repet i t ive ly to  the relaxed muscle.  Meanwhi le ,  the current  was 
increased unt i l  the force d id not  r ise anymore.  This in tensi ty  was 
used in  al l  s t imulus events.  
A s t imulus event  consis ted of  f ive t imes a 5-pulse 100-Hz t ra in 
(durat ion 40 ms).  Pulse durat ion was 100 µs.  The average of  the 
f ive force responses to the f ive short  t ra ins is  referred to as ' the 
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force response'  and is  used for  analysis .  Dur ing voluntary 
contract ion the in ter- t ra in in terval  was 325 ms,  dur ing rest  the 
in ter- t ra in in terval  was 1000 ms.  Pi lot  exper iments showed that  
these in ter- t ra in in tervals were appropr iate to  avoid fusion of  the 
s ingle force responses.  Potent iat ion does not  occur  wi th th is type 
of  s t imulus event .  Therefore,  i t  was not  necessary to  precede the 
in i t ia l  s t imulus event  by a voluntary contract ion.  
Force analysis 
The force of  e lbow f lex ion was measured at  the wr ist .  Force was 
sampled at  a  rate of  2  kHz and low pass f i l tered (1 kHz).  The 
maximal  resolut ion of  force measurement  was 0.1 N bi t
- 1
.  The 
in i t ia l  MVC was determined as the maximum value of  the three 
shor t  MVCs.  Dur ing sustained MVC, voluntary force values 
reported are the averages of  1s of  data d irect ly  before e lectr ica l  
s t imulat ion.  Force responses upon st imulat ion dur ing susta ined 
MVC were corrected for  var ia t ions of  voluntary force v ia l inear  
in terpolat ion between the moment  of  st imulat ion and 325 ms af ter .   
Centra l  act ivat ion fa i lure (CAF
t
)  and per ipheral  fa t igue (PF
t
)  a t  
t ime  t  dur ing susta ined MVC were determined f rom the force data 
as descr ibed extensive ly  e lsewhere
1 4 2
.  Thus,  when F s x
t
 is  the 
super imposed force response to st imulat ion at  t ime t ,  F
t
 is  the 
actual  MVC at  t ime  t  (mean over  1 s  of  data)  and β is  the rat io  of  
s t imulated force over  force capaci ty  of  the muscle,  CAF
t
 is  
determined as 
t
sx
t
t
sxt
FF
F
CAF
+⋅
=
β
 
The rat io  β is  determined us ing force values generated at  the 
s tar t  and at  the end of  sustained MVC. The β used is the mean 
value calculated f rom these two moments.  F s
b
 represents the force 
response to s t imulat ion dur ing rest  before sustained MVC, F s
e
 af ter  
the end of  sustained MVC. The suf f ixes 0  and  T refer  to  the star t  
and the end of  susta ined contract ion,  respect ive ly .  Thus:  
),( Tomean βββ = ,  in  which 
T
T
sx
e
sT
F
FF −
=β and
0
0
0
F
FF sx
b
s −
=β  
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As descr ibed before
1 4 2
,  per ipheral  fa t igue at  t ime  t  dur ing 
sustained MVC is determined f rom the voluntary and st imulated 
force data as 
b
s
t
t
t
FCAF
F
PF
⋅−
⋅
−=
)1(
1
β
 
The total  amount  of  per iphera l  fa t igue af ter  the 2-min susta ined 
MVC is  a lso expressed as the re lat ive change of  force responses 
af ter  e lectr ical  s t imulat ion in rest  af ter  and before susta ined 
MVC
1 4 0
.  Force analyses were per formed in  Mat lab 6.5 (The 
MathWorks)  and Microsof t  Excel  2000.  
SEMG analysis 
Surface EMG (sEMG) was measured using a mul t i -e lectrode 
array of  f ive gold-coated electrodes that  were placed in  l ine 
(e lectrode d iameter  2 mm; in ter  e lectrode d istance 3 mm) para l le l  
to  the f ibre d i rect ion of  the b iceps brachi i  muscle,  d ista l  to  the 
motor points.  A reference e lectrode was placed at  the e lbow jo int .  
Dur ing placement of  the electrode array,  both monopolar  and 
b ipolar  EMG was moni tored v isual ly  and values of  impedances and 
cross corre lat ions between the adjacent e lectrode posi t ions were 
checked.  I f  e lectrode p lacement  was not  sat is factory,  the device 
was replaced.   
Monopolar  s ignals  were ampl i f ied,  bandpass f i l tered (3.2-800 Hz) 
and A/D-conver ted (16 b i ts  wi th  a resolut ion of  0 .5 mV bi t
- 1
 a t  a  
rate of  4 kHz/channel) .  A custom made t ime code generator  
synchronized force-  and sEMG-data.  SEMG analysis  was done on 1 
s  of  data just  before s t imulat ion.  MFCV was determined f rom four  
out  of  f ive e lectrodes
1 4 0
.  The upper  l imi t  o f  MFCV was set  at  8  m s
-
1
,  based on physiological  l imi ts.  SEMG analyses were per formed in 
Mat lab 6.5.  
Stat ist ical  analyses 
For each subject ,  l inear  regression analysis  using the least  
squares method determined the s lopes of  CAF,  PF,  MFCV and MVC 
dur ing the f i rs t  minute,  dur ing the second minute and dur ing the 
tota l  2-min susta ined contract ion.  One-sample T- tests were used to 
test  i f  s lopes deviated f rom 0.  Between-group d i f ferences were 
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analyzed wi th independent-samples T-tests .  Pearson's corre lat ions 
were per formed to s tudy the relat ionship between exper ienced 
fat igue and physiological  fa t igue var iables.  S igni f icance level  was 
set  at  p  ≤ 0.05 ( two- ta i led) .  Stat is t ical  analyses were per formed 
wi th the Stat is t ical  Package for  the Socia l  Sciences (SPSS version 
12.0.1) .  
Results 
Basel ine character ist ics  
Basel ine character is t ics are l is ted in  Table 9.1.  The measurement 
of  1 GBS pat ient  fa i led due to technical  problems, resul t ing in  
par t ic ipat ion of  10 GBS pat ients and 12 age and sex matched 
heal thy contro ls.  
  G B S C o n t r o l s  
  ( n = 1 0 )  ( n = 1 2 )  
S e x   M a l e  5  6  
 F e m a l e  5  6  
Y e a r s  s i n c e  d i a g n o s i s  6 . 9  ( 4 . 1 - 1 3 . 1 )  - -  
A g e  5 5 . 6  ( 4 8 - 6 7 )  5 3 . 8  ( 3 1 - 6 9 )  
G B S - d i s a b i l i t y  s c o r e  a t  n a d i r  3 . 8  ( 2 - 5 )  - -  
 F = 2  1  - -  
 F = 3  2  - -  
 F = 4  5  - -  
 F = 5  2  - -  
G B S - d i s a b i l i t y  s c o r e  a t  f o l l ow - u p  1 . 1  ( 1 - 2 )  - -  
 F =  1  9   
 F =  2  1   
F S S - s c o r e  a t  f o l l ow- u p   4 . 9  ( 2 . 9 - 6 . 9 )  
 ≥ 5 . 0  4  - -  
 < 5 . 0  6  - -  
M R C - s u m s c o r e  a t  f o l l ow- u p   5 9 . 8  ( 5 8 - 6 0 )  6 0  ( 6 0 )  
 6 0  9  1 2  
 5 8  1  - -  
Tab le  9 .1 .  Base l ine  cha rac te r i s t i cs .  A l l  va lues  a re  g i ven  i n  means ,  and  rang e
inc luded .  GBS-d isab i l i t y  sco re  ranges :  F  =  0  (hea l t hy ,  no  symp toms  o r  s i gns ) ,  F
=  1  (m ino r  symp toms  o r  s i gns ,  capab le  o f  r unn ing ) ,  F  =  2  (ab le  t o  wa lk  a t  l eas t
10  mete rs  ac ross  an  open  space  w i thou t  ass is tance ,  wa lk i ng  f r ame ,  o r  s t i ck ,  bu t
unab le  t o  run ) ,  F  =  3  (ab le  t o  wa l k  10  me te rs  w i t h  wa lk ing  f rame ,  s t i cks  o r
suppo r t ) ,  F  =  4  (bed  o r  cha i r  bound ,  unab le  to  wa lk ) ,  F  =  5  (ass is ted  ven t i l a t i on
requ i red  fo r  a t  l eas t  pa r t  o f  the  day  o r  n igh t ) ;  FSS  sco re  ranges  f r om 1  (no  s i gns
o f  fa t i gue )  t o  7  (mos t  d i sab l i ng  fa t i gue ) ;  MRC-sumsco re  ranges  f rom 0
(pa ra l ys i s )  t o  60  (no rma l  s t r eng th ) .  
Gui l la in-Barré syndrome   121 
Experienced fat igue 
FSS 
The mean sel f - repor ted fat igue scores as measured wi th the FSS 
were h igh (mean 4.9 (1.3) ,  range 2.9 – 6.9,  Table 9.1) ,  s imi lar  to  
prev ious f indings in GBS, and worse than scores previously  
obta ined in  heal thy indiv iduals (range 2.2 -  2 .9,  p < 0.01)
5 4 , 1 0 7
.  
Four pat ients were st i l l  severe ly fat igued (mean FSS score at  least  
5.0) .  Contro ls only  completed the AFQ. 
AFQ 
Answering the AFQ, pat ients repor ted a mean AFQ score of  11.7 
(4.6;  range 6 -  19),  which was s igni f icant ly  h igher than scores 
obta ined in  the heal thy controls (7.8 (3.0) ,  range 4 – 12;  p = 
0.032).  AFQ values obta ined direct ly  af ter  exerc ise showed a t rend 
to have increased in pat ients (mean di f ference 3.10 (4.58) ;  p = 
0.061),  but  not  in contro ls (mean d i f ference 0.40 (5.05) ;  p  = 0.808) .  
F igu re  9 .1  Max ima l  vo lun ta r y  con t rac t ion  (A ) ,  musc le  f i b re  conduc t i on  ve loc i t y
(B ) ,  pe r i phe ra l  f a t i gue  (C) ,  and  cen t ra l  ac t i va t i on  fa i l u re  (D )  f o r  GBS pa t ien t s
and  hea l t hy  con t ro l s  du r ing  2 -m in  sus ta ined  MVC.  Hea l thy  sub jec ts  a re
rep resen ted  by  a  ‘○ ’ ,  GBS pa t ien t s  by  a  ‘ ● ’ .  
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Physiological  fat igue  
The in i t ia l  MVC, that  is  the short  MVC obta ined before the star t  o f  
sustained contract ion,  was 177.6 (73.8)  N in  pat ients,  which was 
not  s igni f icant ly  lower than 204.0 (58.5)  N in controls  (p = 0.361) .  
F
0
,  that  is  the mean force produced over  1 s  d i rect ly  at  the s tar t  o f  
sustained MVC, nei ther  d i f fered s igni f icant ly  between pat ients and 
contro ls  (pat ients:  139.9 (63.3) N;  controls :  165.2 (53.0)  N;  p = 
0.318;  F ig.  9 .1A).  MVC decreased simi lar ly  (p = 0.242)  dur ing 
sustained MVC wi th 40.0 (20.0)% in pat ients and 49.2 (15.9)% in 
contro ls.  The s lopes of  re lat ive MVC decrease were s imi lar  in 
pat ients and contro ls (Table 9.2) .  
Peripheral  fat igue 
The ampl i tude of  the in i t ia l  force response dur ing rest  d id not  
s igni f icant ly  d i f fer  between pat ients and contro ls  (pat ients:  11.3 (  
4 .1)  N;  contro ls:  15.3 (6.8)  N;  p = 0.124).  Direct ly  af ter  sustained 
MVC, th is ampl i tude was decl ined by 33.5 (21.0)% in pat ients and 
by 45.9 (11.5)% in contro ls  (p = 0.120) .  Fig.  9 .1C shows the 
increase of  per iphera l  fa t igue in  the course of  sustained MVC.  
Dur ing the f i rs t  minute of  susta ined MVC, per ipheral  fa t igue 
increased slower in  pat ients than in  contro ls (Table 9.2) .  In  
contrast ,  dur ing the second minute pat ient  and contro l  s lopes were 
s imi lar  (Table 9.2) .  MFCV at  the star t  o f  contract ion was higher in  
pat ients than in  contro ls  (F ig.  9 .1B;  pat ients:  5.4 (0.7)  m s
- 1
;  
contro ls:  4.4 (0.8)  m s
- 1
;  p = 0.008).  I ts  re lat ive decl ine dur ing 
sustained MVC was s imi lar  in  the groups,  in  the f i rst  as wel l  as in  
the second minute of  sustained MVC. 
 F i r s t  m i n u t e S e c o n d  m i n u t e  
s l o p e  c o n t r o l s  G B S  p  c o n t r o l s  G B S  p  
M V C  ( %  s
- 1
)  - . 5 2 8 ( . 2 6 2 )  - . 3 5 1 ( . 3 0 1 )  . 1 5 6 - . 2 3 8 ( . 1 3 7 )  - . 3 4 4 ( . 2 3 6 )  . 2 3 0  
M F C V  ( . 1 0
- 1
 m s
- 2
) - . 2 1 6 ( . 1 2 8 )  - . 1 7 8 ( . 1 2 5 )  . 5 3 1 - . 0 2 2 ( . 1 0 2 )  - . 0 3 9 ( . 0 9 9 )  . 7 1 1  
P F  ( . 1 0
- 2
 s
- 1
)  . 6 0 7 ( . 2 9 1 )  . 2 2 6 ( . 2 6 4 )  . 0 0 5 . 1 9 9 ( . 1 4 0 )  . 2 7 7 ( . 2 8 6 )  . 4 1 2  
C A F  ( . 1 0
- 2
 s
- 1
)  - . 0 4 0 ( . 1 6 5 )  . 1 5 3 ( . 1 9 3 )  . 0 2 0 . 0 7 7 ( . 1 2 7 )  . 0 7 1 ( . 1 9 0 )  . 9 2 5  
Tab le  9 .2 .  S lopes  o f  max ima l  vo lun ta r y  f o r ce  (MVC) ,  musc le  f i be r  conduc t ion
ve loc i t y  (MFCV) ,  pe r i phera l  f a t i gue  (PF )  and  cen t ra l  ac t i va t i on  f a i l u re  (CAF)
du r i ng  the  f i r s t  and  second  m inu te  o f  sus ta ined  max ima l  vo lun ta r y  con t rac t i on .
Du r i ng  the  f i r s t  m inu te  PF  inc reases  s lowe r  and  CAF  i nc reases  fas te r  i n  pa t ien ts
than  i n  con t ro l s .  
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Central  act ivat ion fai lure and fat igue 
Fig.  9.1D shows that  CAF did not  d i f fer  between pat ients and 
contro ls d i rect ly  at  the s tar t  of  sustained contract ion (pat ients:  
0 .14 (0.13) ;  contro ls:  0 .14 (0.11) ;  p  = 0.971).  In pat ients,  CAF 
increased signi f icant ly  dur ing the f i rs t  minute of  susta ined MVC (p 
= 0.033),  whereas i t  d id  not  deviate f rom zero in controls  (p = 
0.425).  In the second minute,  s lopes of  CAF were s imi lar  in  
pat ients and contro ls  (Table 9.2) .  The tota l  amount  of  centra l  
fa t igue,  def ined as CAF
1 2 0
 – CAF
0
,  d id  not  s igni f icant ly  d i f fer  
between both groups (pat ients:  0 .12 (0.18);  contro ls :  0 .04 (0.11);  p  
= 0.24) ,  a l though i t  seemed to deviate f rom zero in  pat ients (p = 
0.065),  but  not  in contro ls (p = 0.205) .  
Correlat ions 
We have tested corre lat ions between FSS, AFQ or AFQ change 
scores and the physiological  measures (CAF
0
,  CAF
0 - 3 0
,  s lopes of  
CAF, centra l  fa t igue,  per iphera l  fa t igue,  s lopes of  per iphera l  
fa t igue,  in i t ia l  MVC, MVC at  the star t  o f  susta ined contract ion,  
maximum possible force,  and s lopes of  MFCV) for  pat ients and 
contro ls separately .  S igni f icant  correlat ions were only found 
between AFQ and the s lope of  CAF in the second minute in contro l  
subjects  (r  = 0.729,  p = 0.011) ,  and between AFQ and the s lope of  
per ipheral  fa t igue in  the f i rst  minute in  pat ients (r  = 0.666,  p = 
0.035).  
Discussion 
The relat ive contr ibut ions of  per ipheral  and centra l  aspects of  
res idual  fa t igue in  neurological ly  ‘wel l - recovered’  GBS pat ients 
were determined dur ing a 2-min sustained MVC. The main f ind ings 
of  th is  p i lo t  s tudy were s lower development  of  per ipheral  fa t igue 
dur ing the f i rs t  minute of  th is  susta ined contract ion,  a s igni f icant ly  
faster  occurrence of  centra l  fat igue,  and a h igher  in i t ia l  MFCV in 
GBS pat ients than in  control  subjects .  The total  amount of  
physiological  fa t igue and the course of  MFCV did not  s igni f icant ly  
d i f fer  between both groups.  These f indings might  be a  
consequence of  persis tent  axonal  loss of  motor  neurons af ter  GBS.  
Several  possib le under ly ing mechanisms of  fat igue are d iscussed.   
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Many pat ients recovered f rom GBS indicate their  compla ints of  
fa t igue as endurance in to lerance.  This was suppor ted by the 
exper ienced fat igue,  determined wi th the AFQ. Fat igue values 
obta ined di rect ly  before and af ter  susta ined MVC, showed a t rend 
to increase by exercise in  pat ients but  not  in  contro ls.  In  contrast  
to  resul ts  in  pat ients wi th a current  d iagnosis  of  a  neuromuscular  
d isorder  or  chronic  fat igue syndrome
1 4 1
,  the in i t ia l  CAF values in 
heal thy subjects and GBS pat ients were s imi lar .  These previous 
studies suggest  that  centra l  funct ioning might  be re lated to the 
level  o f  exper ienced fat igue.  In  GBS pat ients,  no relat ion was 
found between the sel f -exper ienced fat igue and per ipheral  or  
centra l  fa t igue.  In  the GBS pat ients we examined,  centra l  fat igue 
occurred dur ing the f i rs t  minute of  sustained MVC, whereas i t  could 
not  be detected in  heal thy contro ls.  In  the la t ter  par t  o f  the 
exerc ise,  the levels  of  central  fat igue in  pat ients and contro ls were 
s imi lar .  Addi t ional  and d i f ferent  f rom GBS pat ients,  pat ients wi th 
chronic  fat igue syndrome suf fer  f rom severe fat igue a l l  day long,  
and fat igue seems to be less speci f ica l ly  t r iggered by physical  
exerc ise
1 7 1
.  This  observat ion is suppor ted by the CAF values;  in 
pat ients wi th chronic fat igue syndrome these values are already 
increased at  the s tar t  o f  a  susta ined MVC, whi le  in  GBS pat ients 
these values in i t ia l ly  are normal,  and only  increase dur ing the f i rs t  
minute of  sustained MVC, suppor t ing pat ients ’  op inion that  fa t igue 
af ter  GBS seems more an endurance problem and exerc ise related.  
The observat ion that  per iphera l  fat igabi l i ty  in  fa t igued but  
neurological ly  ‘wel l - recovered’  GBS-pat ients was lower than in  
heal thy contro ls is  s imi lar  to  prev ious observat ions in  pat ients wi th 
(s lowly)  progressive neuromuscular  d isorders.  Bet ter  muscular  
endurance in  pat ients recovered f rom GBS compared to contro l  
subjects has also been repor ted in  a recent ly publ ished long-term 
fo l low-up study
3 6
.  Reduced per iphera l  fa t igue might  be a 
consequence of  less occlusion of  b lood f low in  the studied muscle;  
wi th  smal ler  force product ion,  and thus lower in tramuscular  
pressure,  occlusion of  b lood f low is  reduced,  and consequent ly ,  
per ipheral  fat igue wi l l  a lso be reduced.  GBS pat ients tended to 
have a lower MVC than heal thy contro ls.  This  observat ion is  in  l ine 
wi th observat ions about  long- term muscle s trength values af ter  
GBS as descr ibed before
3 6 , 5 4 , 1 7 9
.  Many pat ients in  these studies 
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seemed neurological ly  wel l  recovered,  ref lected by normal  
funct ional  scores and maximal  MRC sumscores,  but  isokinet ic 
muscle s trength values were lower than in  heal thy contro ls.  These 
decreased maximal  muscle strength values may also be involved in 
the pathophysiology of  fa t igue.  I t  was descr ibed prev iously  that  
increased fat igabi l i ty  inev i tably occurs in  pat ients wi th muscle 
weakness,  regard less of  the d i f ferent  under ly ing per ipheral  or  
centra l  or  neurological  d isorders
1 0 6
.  We,  however ,  d id not  detect  a 
corre lat ion between MVC and exper ienced fat igue.  Final ly ,  reduced 
per ipheral  fa t igue might  a lso be caused by a changed muscle f iber  
type composi t ion af ter  recovery f rom GBS. Supported by the 
s igni f icant ly  h igher MFCV in pat ients,  we hypothesize that  recovery 
af ter  GBS is  accompanied by reinnervat ion of  muscle f ibers.  Part  o f  
the f ibers,  however ,  may be lost .  To restore muscle s trength,  the 
re innervated muscle f ibers become hyper trophic ,  which increases 
MFCV. I t  can be hypothesized that  the occurrence of  centra l  
fa t igue is  re lated to the decreased number of  remain ing motor 
uni ts
1 0 4
.  Changed muscle organizat ion may require d i f ferent  
demands on the centra l  nervous system. The normal  interp lay 
between number of  recru i ted MUs in  re lat ion to the f i r ing f requency 
is  d isturbed.  I t  could wel l  be that  the smal ler  number of  motor  
axons in  GBS gives r ise to  the re lat ively  fast  increase in  CAF 
dur ing the f i rs t  minute s ince the dropout  of  only  a few MUs could 
a lready g ive r ise to  a re lat ive ly large centra l  act ivat ion fa i lure.  
Some methodological  issues of  the current  s tudy should be 
addressed. The exper imental  setup of  the 2-min sustained 
contract ion,  in  which pat ients are act ively  encouraged,  was used to 
d iscr iminate between per ipheral  and centra l  aspects of  fa t igue.  
This  exper imenta l  s i tuat ion is  d i f ferent  f rom normal dai ly  l i fe ,  in  
which a susta ined MVC is  used much less than for  example 
repet i t ive or  cycl ic  muscle contract ions.  A test  that  had avoided 
b lood occlus ion in  a l l  subjects,  l ike cycl ic  muscle contract ions,  
addi t ional ly  could have led to di f ferent  resul ts regarding per iphera l  
fa t igue.  The recent  f ind ing of  re innervat ion in  many neurological ly  
wel l - recovered GBS pat ients
2 7 , 3 6
,  in  combinat ion wi th the to be 
expected changes in  muscle anatomy, might  suggest  that  other  
e lectrophysiological  techniques l ike est imat ion of  motor-uni t  
numbers (MUNE) can be of  addi t ional  value.  Only a few studies are 
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per formed us ing MUNE techniques in  GBS
9 0 , 1 0 4
,  but  i ts  re lat ionship  
wi th fa t igue was never  studied.  Addi t ional ly ,  many FSS i tems are 
based on physical  consequences of  fa t igue.  Because many pat ients 
indicate their  fa t igue as a resul t  o f  impaired endurance in to lerance, 
th is might  indirect ly  lead to an overest imat ion of  these compla ints 
of  fa t igue.  However,  our  pat ients were neurological ly  seen ‘wel l -
recovered’  and i t  is  known from other  s tudies that  the FSS is an 
adequate tool  to  evaluate fa t igue
3 5 , 5 4 , 1 0 7 , 1 6 6
.  F inal ly ,  we only  found 
a few signi f icant  corre lat ions between physio logical  measures of  
fa t igue and exper ienced fat igue sever i ty .  This might  be due to the 
re lat ive ly smal l  number of  subjects in  th is  s tudy.  
To conclude,  th is p i lot  s tudy was feasib le for  neuro logical ly  'wel l -
recovered'  GBS pat ients and revealed valuable data concerning 
possible under ly ing pathophysio logical  mechanisms of  their  se l f -
exper ienced fat igue.  Physio logical  parameters showed faster  
occurrence of  centra l  fa t igue and s lower development  of  per iphera l  
fa t igue in  the f i rs t  minute of  susta ined MVC in GBS pat ients.  These 
resul ts,  together  wi th the increased MFCVs, suggest  that  
per ipheral  changes af ter  GBS may contr ibute to  the exper ienced 
fat igue.  A larger ,  prospect ive and contro l led s tudy,  including 
e lectrophysiological  measurements l ike CAF and MUNE and a iming 
to eluc idate the mechanisms of  fa t igue af ter  GBS, is  warranted in  
fa t igued compared to non-fat igued pat ients.  
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The a im of  th is  thesis was to s tudy physio logical  aspects of  fat igue 
in neuromuscular  d isorders and chronic fa t igue syndrome (CFS).  In  
the general  in troduct ion (chapter  1)  three main research quest ions 
were addressed,  that  correspond to the themes of  the f i rst  three 
sect ions of  th is  thesis.  This  combined summary and discussion f i rst  
wi l l  debate these quest ions.  Then,  i t  wi l l  shor t ly  g ive some general  
considerat ions and f ina l ly  present  a discussion wi th regard to the 
main f inding of  th is  study:  d imin ished centra l  act ivat ion in fa t igued 
pat ients.  
Section 1: Frequency of experienced fatigue in 
neuromuscular disorders 
The f i rst  sect ion of  th is  thesis  descr ibes the,  both c l in ical  and 
scient i f ic ,  re levance of  a s tudy in to fat igue in  neuromuscular  
d isorders.  L i terature rev iewed in  chapter  2 has already shown the 
presence of  chronic  severe exper ienced fat igue in  severa l  
d iseases,  among which CFS. Though,  unt i l  recent ly fa t igue was 
seldom recognized as an important  symptom of  neuromuscular  
d isorders.  Chapter  3 shows that  severe fat igue is  exper ienced by 
more than 60% in a group of  pat ients wi th three relat ive ly  common 
chronic  neuromuscular  d isorders.  Because in  these pat ients severe 
exper ienced fat igue is  associated wi th problems in  physical  
funct ioning,  socia l  funct ioning,  mental  heal th ,  bodi ly  pain,  and 
general  heal th  percept ion,  i t  is  a  c l in ical ly  and socia l ly  re levant  
problem. 
Behavioural  and psychological  aspects may p lay a ro le in  the 
fat igue exper ience.  However,  especial ly  in  pat ients wi th 
neuromuscular  d isorders in  whom the motor  of  the body i tse l f  ( the 
muscles and/or  nervous system) is  af fected,  i t  is  in terest ing to 
s tudy the contr ibut ion of  physiological  factors to exper ienced 
fat igue.  The successive chapters of  th is thesis therefore focus on 
physiological  fa t igue,  which is def ined as the loss of  force 
producing capaci ty  dur ing exercise.  I f  th is  loss has i ts  or ig in at  the 
neuromuscular  junct ion or  in the muscle t issue,  i t  is  cal led 
per ipheral  fa t igue.  I f  i t  occurs because of  changes in the nervous 
system dur ing exercise,  i t  is  named centra l  fa t igue.  In  the case 
voluntary centra l  act ivat ion is  sub-opt imal ,  centra l  act ivat ion fa i lure 
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(CAF) is  present ;  the increase  o f  CAF dur ing exercise is  ca l led 
centra l  fat igue.  
Section 2: Methods to measure physiological 
fatigue 
The second sect ion of  th is  thesis  descr ibes some methods to 
assess both per iphera l  and centra l  aspects of  physio logical  fa t igue.  
The chapters 4 and 5 in troduce an exper imental  protocol  to  
determine these aspects s imul taneously .  Subjects  make a 2-min 
sustained maximal  vo luntary contract ion (MVC) of  the b iceps 
brachi i  muscle,  dur ing which e lectr ica l  endplate st imulat ion is  
appl ied every 15 s.  Separat ing per iphera l  and centra l  aspects of  
fa t igue is complex because the force super imposed by electr ical  
s t imulat ion is  not  only  in f luenced by the level  of  vo luntary centra l  
dr ive,  but  a lso by the amount  of  per ipheral  fa t igue that  has already 
developed. In  chapter 4 we approach th is  problem by assuming that  
per ipheral  fa t igue increases l inear ly dur ing sustained MVC. 
Chapter  5 shows that  th is  assumpt ion of  l inear i ty  cannot be 
re jected in the par t icu lar  case of  a 2-min susta ined MVC. However,  
i t  does not  agree wi th physiological  knowledge.  Moreover ,  muscle 
f ibre conduct ion veloc i t ies,  presented as indicators of  per ipheral  
funct ioning,  show a non- l inear  course of  per iphera l  changes dur ing 
sustained MVC. Chapter  5 therefore presents a model  based 
approach to quant i fy  CAF in the course of  a  sustained contract ion 
that  does not  need the assumpt ion of  l inear i ty .  This  method is  
based on the idea that  a constant  re lat ive f ract ion of  maximal  
possible force is  act ivated by electr ical  s t imulat ion,  and that  th is 
f ract ion is  representat ive for  the tota l  muscle.  This  assumpt ion is 
v i r tual ly  a lways made impl ic i t ly  in  centra l  fa t igue studies.  With the 
model ,  CAF can be calculated dur ing susta ined MVC merely  using 
voluntary and st imulated force data.  The course of  per iphera l  
fa t igue becomes avai lab le as wel l .  
Both methods show that  in  heal thy young subjects centra l  
act ivat ion at  the s tar t  o f  a  susta ined MVC is  sub-opt imal .  Main ly 
dur ing the second minute of  susta ined contract ion,  central  dr ive 
worsens,  that  is  centra l  fa t igue occurs.  The contr ibut ion of  
per ipheral  fa t igue to the tota l  force decl ine,  however ,  by far  
exceeds the contr ibut ion of  centra l  fat igue.  
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The f inal  chapter  of  the methodological  sect ion (chapter  6)  
presents a complementary approach to s tudy central  aspects of  
fa t igue.  In th is  case,  subjects are instructed to make repet i t ive 
voluntary handgr ip contract ions at  a  level  o f  70% MVC. The 
readiness potent ia l ,  a  negat ive movement-re lated cor t ical  EEG 
potent ia l  that  appears over  the human scalp about  one second or  
more before a sel f -paced motor  act ,  is  recorded.  The changing 
area of  th is  potent ia l ,  together  wi th a constant  force product ion and 
the v i r tua l  absence of  per iphera l  fa t igue,  shows centra l  adaptat ions 
to avoid or  counteract  central  fa t igue.  In  compar ison wi th the 
ear l ier  methods,  th is  protocol  prov ides a measure to s tudy centra l  
aspects of  fa t igue at  a  level  more upstream in the nervous system, 
namely at  the motor  cortex.  Chapter  6 shows that  in  heal thy 
subjects changes occur  at  the cor t ica l  level  dur ing repet i t ive 
contract ions in  the a lmost  absence of  per ipheral  fa t igue.  
Which of  the above techniques is  best  for  the s tudy of  
physiological  fa t igue depends on the speci f ic  hypothesis  to be 
tested.  
Section 3: Physiological fatigue in patients 
In  the th i rd sect ion of  th is  thesis the 2-min sustained MVC protocol  
is  appl ied to several  groups of  severe ly fa t igued pat ients.  Fi rst ,  
chapter  7 shows resul ts on pat ients wi th the chronic fat igue 
syndrome (CFS),  severe ly  fa t igued pat ients wi thout  a somat ical ly  
explained d isease. The resul ts show that  central  act ivat ion is  
s trongly d imin ished in  th is  group:  a l l  ind iv idual  CFS pat ients could 
have been ident i f ied on the basis  of  only their  CAF value at  the 
s tar t  of  sustained contract ion.  Probably as a consequence of  the 
smal ler  demands on the muscle because of  d imin ished centra l  
act ivat ion,  these pat ients showed less per ipheral  fa t igue than 
heal thy contro ls.  A l though i t  has not  been tested formal ly ,  the 
resul ts suggest  a re lat ion between the levels  of  exper ienced 
fat igue and centra l  act ivat ion fa i lure.  
As has been descr ibed in  sect ion 1,  we found that  many pat ients 
wi th a chronic  neuromuscular  d isorder  exper ience severe fat igue.  
Chapter  8 descr ibes that  in  the overa l l  group of  these pat ients ,  
centra l  act ivat ion is  reduced wi th about  the same amount  as in  CFS 
pat ients.  However,  the in ter- ind iv idual  d istr ibut ion of  the levels of  
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centra l  act ivat ion is much larger  and a c lear  over lap exis ts  
between pat ients and controls.  A s igni f icant  correlat ion exists  
between the value of  centra l  act ivat ion fa i lure at  the star t  o f  
sustained MVC and the level  o f  momentary exper ienced fat igue.  
Again,  the amount  of  per iphera l  fat igue is  reduced,  probably 
because of  the lower MVC of  pat ients.  
F inal ly ,  chapter  9 presents physiological  measures of  fat igue in  
pat ients neurological ly  wel l - recovered f rom Gui l la in-Barré 
syndrome (GBS).  Whereas centra l  act ivat ion fa i lure at  the star t  of  
sustained contract ion was increased in  pat ients wi th CFS and 
chronic  neuromuscular  d isorders,  i t  is  normal  in  recovered GBS 
pat ients.  However,  i t  increases faster  than in heal thy contro ls,  that  
is ,  centra l  fa t igue develops more quickly .  At  the same t ime, 
per ipheral  fa t igue develops s lower.  In  the above groups smal ler  
per ipheral  fa t igue is  accompanied by lower MVC in pat ients,  but  
pat ients recovered f rom GBS do not  show a s igni f icant ly  lower MVC 
than contro l  subjects.  In  addi t ion,  in  contrast  to  the other  groups,  
recovered GBS pat ients show increased muscle f ibre conduct ion 
veloci t ies.  The smal l  group of  pat ients prohibi ted re l iab le  
determinat ion of  corre lat ions.  However,  again the resul ts  suggest  
that  the pat tern of  centra l  act ivat ion and the exper ience of  fa t igue 
are re lated.  
General considerations 
The main f ind ing of  th is  thesis  is  that  centra l  act ivat ion is  
d iminished or  decreases faster  in  pat ients who exper ience severe 
fat igue.  Subopt imal  act ivat ion means that  the motor  uni t  f i r ing rate 
or  motor uni t  recrui tment is  subopt imal .  F igure 10.1 i l lustrates the 
concepts of  fat igue and CAF in contro ls and pat ients dur ing 
sustained MVC. In  heal thy contro ls ( le f t  upper  panel) ,  CAF is  about  
15% at  the star t  o f  contract ion,  which means that  the maximal  
vo luntary contract ion is  about 15% lower than maximal  muscle  
capaci ty .  Dur ing sustained MVC the amount of  CAF increases,  
imply ing that  central  fa t igue occurs.  How much centra l  fa t igue 
develops,  seems to be age dependent.  In  young subjects i t  is  about  
15%, in  o lder  ones centra l  fa t igue is  a lmost  negl ig ib le.  In  pat ients 
wi th CFS ( le f t  lower panel) ,  muscle capaci ty  is  the same as in 
contro l  subjects,  but  the force product ion dur ing MVC is  reduced 
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because of  CAF values of  more than 30%. In contrast ,  in  pat ients 
wi th a chronic  neuromuscular  d isorder  (r ight  upper  panel)  the 
maximum muscle capaci ty  is  reduced as a d irect  consequence of  
per ipheral  changes due to the disease. In  addi t ion,  large CAF 
values s imi lar  to  those in  CFS pat ients fur ther  decrease force 
product ion dur ing MVC. In  both pat ients wi th CFS and the studied 
chronic  neuromuscular  d isorders hard ly any centra l  fa t igue occurs.  
F inal ly ,  in  pat ients recovered f rom GBS (r ight  lower panel) ,  CAF at  
the s tar t  o f  sustained MVC is  normal  (about 15%),  but  i t  increases 
faster  than in  the contro l  groups,  which means that  more centra l  
fa t igue develops in  th is  group of  pat ients.  
The studies presented in  th is  thesis  indicate that  central  
act ivat ion fa i lure and central  fat igue are re lated to the exper ience 
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F igu re  10 .1 .  Pe r iphe ra l  fa t i gue ,  cen t ra l  f a t i gue  and  cen t ra l  ac t i va t ion  f a i l u re  i n
hea l thy  sub jec t s  and  pa t i en ts  w i t h  ch ron ic  neu romuscu la r  d i so rde rs  o r  ch ron ic
fa t i gue  synd rome  and  pa t i en ts  recove red  f rom Gu i l l a i n -Bar ré  synd rome .  Ve r t i ca l
ba rs  a t  t he  r i gh t  o f  eve ry  f i gu re  show  a  cons tan t  f o rce  l eve l  i n  t he  pane ls .  
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of  fat igue.  In  the case of  chronic neuromuscular  d isorders,  centra l  
act ivat ion fa i lure explains 6 to  10% of  the var iance in  the level  o f  
exper ienced fat igue.  This  weak re lat ionship can only  be detected i f  
large numbers of  pat ients are studied and therefore – i f  present  – 
is  not  c lear in our  CFS and GBS studies.   
 
In  a l l  pat ient  groups,  the amount  of  per ipheral  fa t igue or  rate of  
per ipheral  fa t igue development  is  lower than in  heal thy contro ls.  To 
a large extent ,  th is  is probably  caused by the lower absolute force 
level  a t  which pat ients perform the task.  Because of  the lower 
in tramuscular  pressure in  the major i ty  of  pat ients,  b lood f low is 
h indered less,  keeping the in tracel lu lar  s tate in  pat ients bet ter  than 
in  contro ls.  Thus,  i t  is important  to  not ice that  th is  exper iment  does 
not  prov ide conclusive evidence about  possible di f ferences in  
per ipheral  fa t igabi l i ty  between pat ients and controls .  Only  in the 
par t icular  case of  GBS pat ients,  the increased absolute muscle 
f ibre conduct ion veloci ty  g ives a c lue for  changes at  the per iphera l  
level  that  may in f luence per iphera l  fat igabi l i ty .  To avoid a di f ferent  
in f luence of  b lood f low in pat ients and contro ls ,  in fu ture studies 
b lood f low occlusion may e i ther be prevented or  ar t i f ic ia l ly  
achieved. I t  may be prevented by invest igat ing repet i t ive 
contract ions or vo luntary or  e lect r ica l ly  s t imulated contract ions at  a  
submaximal  force level .  Occlusion can be achieved by the use of  a 
cuf f .  
Below I  wi l l  d iscuss possib le causes of  d imin ished centra l  
act ivat ion and how event  re lated potent ia l  s tudies can be used to 
determine which of  these causes are probable.  To conclude,  some 
remarks about  t reatment  wi l l  be made.  
Causes of reduced central activation  
Reduced voluntary centra l  act ivat ion or  the faster  occurrence of  
centra l  fa t igue is  not  unique for  the d isorders we have studied.  
Dimin ished centra l  act ivat ion has been descr ibed ear l ier  in  ankle  
dors i f lexors of  ALS pat ients
8 1
,  in  hemiparet ic quadr iceps muscle 
af ter  s troke
1 1 6
,  in  e lbow f lexors of  post-pol io  pat ients
5
,  in  ankle 
dors i f lexors and e lbow f lexors of  pat ients wi th chronic  fa t igue 
syndrome
8 2 , 1 4 1
,  and in  quadr iceps muscle of  f ibromyalgia 
pat ients
1 1 8 , 1 1 9
.  
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Potent ia l  causes of  reduced centra l  act ivat ion can be var ious and 
wi l l  vary between d isorders.  Impaired concentrat ion,  reduced 
mot ivat ion and reduced ef for t  wi l l  inev i tably  lead to subopt imal  
per formance
4 , 4 9 , 8 0 , 8 2 , 1 0 0
.  Dur ing our  s tudies,  we t r ied to keep 
mot ivat ion as strong as possible by giv ing act ive verbal  
encouragement  and prov id ing real- t ime visual  feedback
1 5 5
.  
Especia l ly  in  pat ient  groups fear  of  physica l  movement  and act iv i ty  
may be factors involved.  
Pain is  known to possibly  in f luence the level  o f  central  
act ivat ion
5 8 , 1 3 3
 and has been descr ibed as a symptom of  a l l  
d isorders we studied
2 0 , 2 2 , 4 3 , 1 2 7
.  Unpubl ished resul ts  of  our  group 
show that  pain indeed corre lates s igni f icant ly  wi th CAF in FSHD 
and shows a t rend to correlate wi th CAF in HMSN, but  not  in  MD. 
Centra l  act ivat ion might  a lso be a l tered by d isturbed percept ion of  
task per formance.  In  th is  respect ,  i t  may be re levant  that  
per ipheral  a f ferent  sensory pathways can be subcl in ica l ly  af fected 
in  FSHD
3 8
and considerably  a l tered in  HMSN. In MD funct ion ing of  
the sensory cortex is  modi f ied
1 1 2
,  possib ly in f luencing percept ion.  
CFS pat ients repor t  re lat ively  h igh perceived ef for t  dur ing 
exerc ise
4 4 , 5 5 , 5 6 , 1 0 1 , 1 3 5
.  I ts  cause is  unknown,  but  the unbalanced 
exper ience may reduce centra l  act ivat ion.  
In  addi t ion to possibly  changed percept ion,  a l terat ions at  the 
(pre-)  motorcor t ica l  level  may decl ine centra l  act ivat ion in  pat ients.  
Neuromuscular  d isorders are most  obviously  character ized by 
muscle weakness,  but  we cannot  exclude that  other  s tructures,  
among which the centra l  nervous system, are af fected.  Especia l ly  
in MD
2 6 , 1 5 6
,  but  a lso in FSHD
4 5
,  cogni t ive bra in funct ions can be 
a l tered,  and in  MD
2 6 , 1 5 6
 and CFS
2 8 , 9 2
 s t ructura l  changes in the 
bra in t issue have been revealed.  Funct ional  changes at  the 
motorcort ica l  level  were descr ibed in chronic  neuromuscular  
d isorders
2 6 , 3 4 , 9 5 , 1 2 1
.  Addi t ional ly ,  especial ly  in fa t igued pat ients one 
might  expect  decondi t ioning to have induced neuronal  adaptat ions.  
On the other  hand, the re lat ively large demands on af fected 
neuromuscular  systems in  dai ly  l i fe  possibly  have a lso in f luenced 
the centra l  systems.  In  th is  respect ,  i t  is important  to  see that  
recru i tment  of  motor uni ts in neuromuscular  d isorders is  abnormal :  
in  FSHD and MD more motor  uni ts  are recru i ted a lready at  low 
force levels ,  in  HMSN force is mainly  regulated by the contro l  of  
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f i r ing rate
1 3 8
.  In  the case of  c l in ica l  recovery af ter  GBS, the 
nervous system seems to deal  wi th changes comparable to those in  
HMSN: the number of  motor uni ts  has probably  decl ined.  In 
addi t ion,  our  f ind ings ind icate that  muscle f iber  s ize has increased.  
In  such c i rcumstances,  the act ivat ion pat tern generated by the 
centra l  nervous system may not  be adapted to the per iphera l  
changes.  The di f ferent  act ivat ion pat terns in  HMSN and GBS 
pat ients might  be expla ined by the fact  that  HMSN is  a chronic  and 
GBS an acquired d isease.  
Further research into the cause of reduced central 
activation 
To d iscover  the cause of  reduced centra l  act ivat ion,  fur ther  s tudies 
should be done. In  th is respect ,  for  example funct ional  magnet ic 
resonance imaging or  t ranscrania l  magnet ic s t imulat ion may be 
usefu l  techniques.  Chapter 6 presented the use of  the readiness 
potent ia l  to  study centra l  adaptat ions that  avoid the occurrence of  
physiological  fa t igue dur ing repet i t ive contract ions.  Apply ing th is 
technique on groups of  fa t igued pat ients may help to  f ind the cause 
of  reduced centra l  act ivat ion or  the faster  occurrence of  centra l  
fa t igue.  I  wi l l  shor t ly  descr ibe the resul ts of  a  study in which 
fat igued CFS pat ients were tested wi th the protocol  presented in 
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F igu re  10 .2 .  No rma l  read iness  po ten t ia l  i n  pa t i en ts  w i t h  t he  ch ron ic  f a t i gue
synd rome .  The  l e f t  pane l  shows  the  read iness  po ten t ia l  du r i ng  t he  f i r s t  s i x
m inu tes  o f  r epe t i t i ve  fo r ce  g r i p  con t rac t ions  a t  70% MVC.  The  so l i d  l i ne
rep resen ts  con t ro l  da ta ,  the  do t t ed  l i ne  pa t i en t  da ta .  The  r i gh t  pane l  shows  tha t
t he  MVC be fo re  exe rc i se  i s  h i ghe r  i n  con t ro l s  t han  i n  pa t ien t s .  Th is  means  tha t
pa t i en ts  pe r fo rm  the  70% MVC task  a t  an  abso lu te l y  l owe r  fo rce  leve l .  
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chapter  6.  This  study is  as yet  unpubl ished and has not  been 
descr ibed in th is  thesis,  but  prov ides deeper ins ight  into the 
possible cause of  reduced centra l  act ivat ion in  CFS pat ients .  
Besides,  i t  i l lustrates how event re lated potent ia l  s tudies may help 
e lucidat ing the cause of  reduced centra l  act ivat ion.  
F i f teen female CFS pat ients and four teen female heal thy  
subjects made repet i t ive handgr ip contract ions at  70% MVC. The 
in i t ia l  MVC of  the pat ients was about  30% lower than that  of  the 
contro l  subjects  (F ig.  10.2) ,  which suggests the presence of  
increased centra l  act ivat ion fa i lure,  as we found before.  Pat ients 
thus per formed the task at  an absolutely  lower force level  than the 
contro l  subjects.  From l i terature
8 , 4 1
 we know that  in  heal thy  
subjects  the s ize of  the readiness potent ia l  is  re lated to the amount 
of  voluntary force.  Though, unexpectedly,  the readiness potent ia l  
a t  the s tar t  of  the 30-min exercise was s imi lar  in the two groups 
(F ig.  10.2).  This  means that  the output  in  terms of  muscle force is  
smal ler  in  CFS pat ients than one would expect  on the basis  of  the 
readiness potent ia l  s ize.  This  phenomenon resembles the s i tuat ion 
in  heal thy subjects af ter  a longer  per iod of  repet i t ive contract ions:  
the force output  is  re lat ive ly  low compared to the s ize of  the 
readiness potent ia l .  Anatomy shows that  the motor  cor tex is  
monosynapt ica l ly  connected to the motor  neuron.  This  favours the 
idea that  motor cor tex funct ion is  less ef f ic ient  in CFS and seems 
to inval idate reduced mot ivat ion as the main problem in CFS. 
However,  chains between the motor cor tex and the end of  the 
motor nerve,  and the in f luence of  addi t ional  nuclei  on the α -
motoneuron should be studied extensive ly  to suppor t  th is 
hypothesis.  
As far  as I  know, the readiness potent ia l  has not  been studied in  
fa t igued pat ients wi th a neuromuscular  d isorder ,  but  in  fu ture th is 
type of  s tudies may indicate which of  the above ment ioned possible 
causes of  d iminished centra l  act ivat ion are p lausible.  
Considerations about improving central activation 
Diminished centra l  act ivat ion wi l l  fur ther  reduce the maximal  
vo luntary force output  in pat ients whose force is  a l ready 
d iminished because of  the d irect  inf luence of  a neuromuscular  
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d isorder .  Therefore,  i t  may be desirable to  improve centra l  
act ivat ion.  
I f  large CAF values are caused or  perpetuated by cogni t ive 
factors,  psychological  therapy might  be helpfu l .  In CFS pat ients ,  
cogni t ive behaviour  therapy d irected at  the mainta in ing factors of  
fa t igue turned out  to  be ef fect ive to  decrease exper ienced 
fat igue
1 3 1
.  Physical  t ra in ing has been suggested as a way to 
reduce CAF
1 5 5
,  but  Herbert  e t  a l .
6 7
 d id  not  not ice a posi t ive ef fect  
o f  physical  t ra in ing on central  act ivat ion in  heal thy subjects.  Of  
course,  the s ize of  CAF in fat igued pat ients provides a much larger  
scope for  improvement .  L indeman et  a l .
9 6
 report  a  21% increase of  
MVC in combinat ion wi th a 25% increase of  sur face EMG ampl i tude 
dur ing a t ra in ing program in HMSN pat ients.  This  EMG increase 
suggests an improvement  of  centra l  act ivat ion.  A l though a 
balanced in tensi ty  of  the t ra in ing program should be chosen to 
prevent  possib le fur ther  muscle damage,  physical  t ra in ing therefore 
might  prov ide a method to improve centra l  act ivat ion.  
At  f i rs t  s ight ,  reduced centra l  act ivat ion seems to be a negat ive 
ef fect  for  pat ients.  However,  in chronic  neuromuscular  d isorders i t  
may also be seen as a posi t ive adaptat ion,  which protects  the 
af fected muscles or  nerves against  fur ther damage.  Therefore,  we 
should not  t ry  to  d imin ish i t  wi thout  concern.  How i t  in f luences the 
dai ly  l i fe  of  pat ients is  unclear.  Compared to controls,  pat ients wi l l  
more of ten need a h igher  percentage of  MVC to per form dai ly  
tasks.  However,  a task l ike the 2-min susta ined MVC, is  uncommon 
in dai ly  l i fe .  Sustained maximal  vo luntary force is  not  of ten 
required.  I f  central  act ivat ion is  a lso d iminished dur ing shor t  
contract ion is  formal ly  unknown,  but  i t  is  not  unl ikely  consider ing 
the large CAF at  the star t  o f  susta ined contract ion.  
 
Future s tudies hopefu l ly  wi l l  reveal  why central  act ivat ion is  
increased or  increases faster  in  fa t igued pat ients and wi l l  prove i f  
therapy has a posi t ive ef fect ,  both on CAF and on the level  o f  
exper ienced fat igue.  
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 Samenvatting 
 
Di t  proefschr i f t  behandel t  fys io logische aspecten van vermoeidheid 
b i j  mensen met  een neuromusculaire aandoening of tewel  een 
z iekte van de spieren en/of  zenuwen.  De dr ie  hoofdvragen z i jn:  1)  
Komt vermoeidheid veel  voor  b i j  neuromusculaire aandoeningen? 
2)  Hoe meten we fysio logische vermoeidheid? 3)  Hangt  ervaren 
vermoeidheid bi j  pat iënten samen met  fys io logische vermoeidheid? 
In de dr ie  voorgaande delen (sect ions)  van di t  proefschr i f t  worden 
deze vragen een voor  een beantwoord.  In  d i t  hoofdstuk vat  ik  de 
belangr i jkste bevindingen samen.  
Vermoeidheid bij neuromusculaire aandoeningen 
Het eerste deel  van d i t  proefschr i f t  beschr i j f t  de,  zowel  k l in ische 
a ls wetenschappel i jke,  re levant ie van een onderzoek naar 
vermoeidheid bi j  mensen met  een neuromuscula ire aandoening.  
Hoofdstuk 2 geef t  een samenvat t ing van de l i teratuur d ie ernst ige 
ervaren vermoeidheid b i j  u i teenlopende aandoeningen bespreekt .  
B i j  neuromusculaire aandoeningen wordt  vermoeidheid zelden a ls 
symptoom herkend.  Hoofdstuk 3 laat  echter z ien dat  meer dan 60% 
van de pat iënten met een neuromuscula ire aandoening chronisch 
ernst ig  vermoeid is .  De vermoeidheid gaat  gepaard met 
verschi l lende funct ionele beperkingen in  het  dagel i jks leven en is  
daarom een kl in isch en sociaal  re levant  probleem. 
Ui t  eerder  onderzoek is  bekend dat  gedragsmat ige en 
psychologische factoren een rol  kunnen spelen bi j  het  ervaren van 
vermoeidheid.  Ju ist  b i j  pat iënten met  een aandoening aan het  
zenuw- en/of  sp ierstelse l  is  echter  te  verwachten dat  ook 
fys io logische aspecten van belang z i jn .  De volgende hoofdstukken 
van het  proefschr i f t  r ichten z ich dan ook op fysio logische 
vermoeidheid.  Di t  is  gedef in ieerd als  een verminder ing van de 
maximale vr i jwi l l ige kracht  a ls gevolg van inspanning.  Zowel 
per i fere (sp ier-)  a ls  centra le (zenuwste lsel -)  aspecten kunnen aan 
fys io logische vermoeidheid b i jdragen.  
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Methodes om fysiologische vermoeidheid te meten 
Het tweede deel  van d i t  proefschr i f t  behandel t  een aanta l  
methodes om zowel  per i fere a ls centrale aspecten van 
vermoeidheid te  meten.  De hoofdstukken 4 en 5 beschr i jven een 
techniek om beide aspecten tegel i jker t i jd te  kwant i f iceren.  Voor  
deze met ing spant  de proefpersoon zi jn  bovenarmspier  (m.  b iceps 
brachi i )  twee minuten lang zo hard mogel i jk  aan.  Ti jdens de 
vr i jwi l l ige aanspanning wordt  de e indplaat  van de zenuw elke 15 
seconden e lektr isch gest imuleerd.  Het is  last ig  om de per i fere en 
centra le aspecten van spiervermoeidheid te onderscheiden,  
doordat  de extra kracht  d ie door  de elekt r ische st imulat ie  wordt  
opgewekt  zowel  door het  n iveau van vr i jwi l l ige centra le act ivat ie  
a ls  door  de al  opgetreden per i fere vermoeidheid wordt  beïnv loed.  
In  hoofdstuk 4 lossen we di t  probleem op door  aan te nemen dat  
per i fere vermoeidheid in  de t i jd  l ineair  toeneemt.  Hoofdstuk 5 laat  
z ien dat  d i t  in  het  speci f ieke geval  van een twee minuten durende 
volgehouden maximale aanspanning acceptabel  is .  De aanname 
komt echter  n iet  overeen met  fys io logische voorkennis  en 
bovendien laat  het  ver loop van de spiervezelgeleid ingssnelheid 
(een maat voor  het  per i fere funct ioneren)  een niet- l ineair  ver loop 
in  de t i jd z ien.  In hoofdstuk 5 presenteren we daarom een 
modelmat ige aanpak om het  gebrek aan centra le act ivat ie t i jdens 
een langdur ige aanspanning te kwant i f iceren zonder  deze aanname 
nodig te  hebben.  Deze nieuwe methode is gebaseerd op het  idee 
dat  e lektr ische st imulat ie  een constant  gedeel te van de spier  
s t imuleert  en dat  d i t  gedeel te representat ie f  is  voor  de hele spier .  
Vr i jwel  a l le  vermoeidheidsonderzoekers d ie vr i jwi l l ige aanstur ing 
v ia een vergel i jkbare techniek meten,  doen deze aanname, maar 
de aanname is n iet  eerder  expl ic ie t  geformuleerd en u i tgewerkt .  
Met  het  opgeste lde model  kunnen we het  gebrek aan centra le 
act ivat ie  in  de loop van een langdur ige oefening bepalen aan de 
hand van gegevens over  a l leen vr i jwi l l ige en gest imuleerde kracht .  
Het  model  heef t  bovendien het  voordeel  dat  deze ook per i fere 
vermoeidheid t i jdens de oefening kan bepalen.   
Beide methodes laten z ien dat  b i j  gezonde proefpersonen tussen 
de 18 en 40 jaar  centra le act ivat ie  aan het  begin van een 
volgehouden maximale vr i jwi l l ige aanspanning niet  opt imaal  is .  In  
de loop van de t i jd  vers lechter t  de aanstur ing verder,  wat  betekent 
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dat  centrale vermoeidheid optreedt .  De b i jdrage van per i fere 
vermoeidheid aan het  tota le krachtver l ies overst i jgt  echter veru i t  
de invloed van centra le componenten.  
Hoofdstuk 6 presenteer t  een totaal  andere aanpak om centra le 
aspecten van vermoeidheid te  bestuderen.  In d i t  geval  kr i jgen de 
proefpersonen de opdracht  om gedurende een hal f  uur  om de 
zeven seconden kor t  te  kn i jpen tot  70% van de eigen maximale 
vr i jwi l l ige kracht .  Het  gaat  h ierb i j  om de zogenaamde readiness 
potent ia l ,  een negat ieve ‘event re lated potent ia l ’  (ERP) d ie ru im 
een seconde voor  het  begin van een zel fgeïn i t ieerde aanspanning 
in het  EEG verschi jn t .  De groot te van deze potent iaal  b iedt  een 
maat om t i jdens een oefening verander ingen hogerop in het  
centra le zenuwste lsel  te  bestuderen,  namel i jk  in  de motorcortex.  
Uniek aan de methode is  dat  deze geen kunstmat ige input  behoef t .  
Bovendien heef t  ze het  voordeel  dat  aan vermoeidheid  
gerelateerde verander ingen bestudeerd worden t i jdens meer  
natuur l i jke repet i t ieve en submaximale aanspanning.  Hoofdstuk 6 
laat  z ien dat  je  met  deze methode b i j  gezonde mensen aan kunt  
tonen dat  er  centraal  verander ingen optreden die vermoeidheid 
voorkomen.  
Het  hangt van de prec ieze onderzoeksvraag af  welke van 
bovenstaande technieken voor een bepaalde studie het  meest 
geschikt  is .  
Fysiologische vermoeidheid bij patiënten 
In  het  derde deel  van di t  proefschr i f t  wordt  het  h ierboven 
beschreven protocol  van de twee minuten volgehouden maximale  
aanspanning toegepast  op verschi l lende groepen ernst ig  vermoeide 
pat iënten.  Hoofdstuk 7 behandel t  de resul ta ten b i j  pat iënten met  
het  chronisch-vermoeidheidssyndroom, mensen met  ernst ige 
vermoeidheidsklachten d ie geen aantoonbare l ichamel i jke 
aandoening hebben. De centrale aanstur ing van de spieren is b i j  
deze groep mensen sterk verminderd.  Di t  verschi l  bestaat  ze l fs  op 
indiv idueel  n iveau:  de centra le act ivat ie  is  b i j  iedere onderzochte 
pat iënt  k le iner  dan bi j  e lke persoon u i t  de contro legroep. Ti jdens 
de met ing t reedt  b i j  de pat iënten minder  per i fere vermoeidheid op 
dan b i j  de controlepersonen. Di t  komt waarschi jn l i jk  doordat  de 
spiercapaci te i t  door  de verslechterde aanstur ing t i jdens de met ing 
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in  mindere mate aangesproken wordt .  De resul ta ten van d i t  
onderzoek suggereren dat  er  een re lat ie  bestaat  tussen de ervaren 
vermoeidheid en het  gebrek aan centra le aanstur ing,  maar d i t  is  
n iet  formeel  getoetst .  
Ui t  hoofdstuk 8 bl i jk t  dat  pat iënten met  een chronische 
neuromusculaire aandoening soor tgel i jke resul ta ten la ten z ien.  
Gemiddeld genomen is  de centra le aanstur ing bi j  de groep 
pat iënten ongeveer  even sterk verminderd als  b i j  de mensen met 
het  chronisch-vermoeidheidssyndroom. De spreiding van de mate 
van vr i jwi l l ige act ivat ie b innen de groep mensen met  een 
neuromusculaire aandoening is echter  veel  groter  en er  bestaat  
een duidel i jke over lap met  de waarden van gezonde 
contro lepersonen.  Ook b i j  de groep pat iënten met  een chronische 
neuromusculaire aandoening is  de hoeveelheid per i fere 
vermoeidheid gereduceerd,  waarschi jn l i jk  a ls  gevolg van de lagere 
maximale vr i jwi l l ige kracht .  Het gebrek aan centrale aanstur ing b i j  
de s tar t  van de maximale vr i jwi l l ige aanspanning corre leer t  
s igni f icant  met  het  n iveau van de ervaren vermoeidheid.  De mate 
van per i fere vermoeidheid hangt n iet  met  de ervaren vermoeidheid 
samen.  
Hoofdstuk 9 beschr i j f t  tens lot te de aspecten van fysio logische 
vermoeidheid bi j  pat iënten die z i jn  hersteld van het  Gui l la in-
Barrésyndroom, een acute ontsteking van de zenuwen.  Na deze 
aandoening komen vermoeidheidsklachten veel  voor .  Hoewel  b i j  de 
andere groepen vermoeide pat iënten de centrale aanstur ing aan 
het  begin van de oefening verminderd was,  is  d i t  n iet  het  geval  b i j  
deze pat iënten.  Het  gebrek aan centra le act ivat ie  neemt echter  wel  
snel ler  toe dan b i j  contro lepersonen,  wat  betekent dat  centra le 
vermoeidheid versneld optreedt .  Tegel i jker t i jd  ontstaat  per i fere 
vermoeidheid ju ist  t rager.  Doordat  we slechts t ien van Gui l la in-
Barré herste lde pat iënten hebben gemeten,  is  het  n iet  mogel i jk  om 
betrouwbare correlat ies te berekenen. De resul ta ten suggereren 
wel  dat  de ervaren vermoeidheid wederom samenhangt  met  het  
patroon van centra le act ivat ie .  
Conclusie 
Uit  het  gepresenteerde onderzoek bl i jk t  dat  vermoeidheid een 
re levant  probleem is  b i j  pat iënten met,  o f  herste ld van,  een 
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neuromusculaire aandoening.  De mate en aard van de ervaren 
vermoeidheid l i jken samen te hangen met  het  patroon van 
aanstur ing van de spieren door  het  zenuwstelse l .  Waardoor de 
aanstur ing in pat iënten verminderd is  of  snel ler  verslechter t ,  is  nog 
onduidel i jk .  Mogel i jk  kunnen ERP-studies een bi jdrage leveren aan 
het  vastste l len van de oorzaak.  Vervolgonderzoek is  nodig om 
methodes te ontwikkelen waarmee de centra le aanstur ing b i j  
pat iënten verbeterd en zo de ervaren vermoeidheid mogel i jk  
beperkt  kan worden.  
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 Dankwoord 
Promoveren wordt  vaak beschouwd als  een moeizaam en zwaar 
t ra ject ,  dat  lange t i jd  ten koste gaat  van het  pr ivé leven.  Met  goede 
begele id ing is  het  echter  ook mogel i jk  b innen een 
par t t imeaanste l l ing en zonder  grote persoonl i jke opof fer ingen.  Di t  
vere ist  wel  een werkomgeving waar in de verwachte prestat ies reëel  
z i jn  en waar in de promovendus van verschi l lende kanten hulp 
kr i jg t .  Een proefschr i f t  maak je namel i jk  n iet  a l leen:  veel  mensen 
hebben op verschi l lende manieren b i jgedragen aan de vol tooi ing 
van di t  proefschr i f t .  Met  d i t  hoofdstuk wi l  ik  de h ieronder genoemde 
personen har te l i jk  bedanken voor  de ro l  d ie ze de afgelopen jaren 
voor  mi jn promot ie hebben gespeeld.  
 
Ten eerste z i jn  er  natuur l i jk  de promotoren.  Met name Machiel  
heef t  ervoor  gezorgd dat  ik  aan het  promot ieproject  kon beginnen. 
Hi j  heef t  mi j  in  de loop van de t i jd  regelmat ig moeten en kunnen 
over tu igen van z i jn ver t rouwen in de kwal i te i t  van het  onderzoek.  
Zo mot iveerde hi j  mi j  het  to t  een goed e inde te brengen.  Baziel  
heef t  ervoor  gezorgd dat  we de k l in ische re levant ie van 
pat iëntgebonden onderzoek niet  u i t  het  oog ver loren.  Gi js  dwong 
mi j  er  s teeds toe de technische resul taten te ver ta len naar  
gegevens d ie ook voor  mensen met  andere special isat ies 
toegankel i jk  z i jn .  
 
Het  grootste deel  van het  t ra ject  heb ik  nauw samengewerkt  met 
mi jn  col lega-promovenda Joke.  Ze was voor  mi j  een goede 
in termedia ir  tussen de werelden van de psychologen en 
neurofys io logen. De let ter l i jk  k leurr i jke samenwerking in  de 
p lanning van de onderzoeken ver l iep gestrooml i jnd en het  ‘even 
hardop meedenken’  zorgde vaak voor verhelder ing van onze 
ideeën.  
 
Henny en Hans heb ik  gevraagd om mi j  a ls  paranimfen bi j  de 
verdedig ing van mi jn proefschr i f t  b i j  te  staan.  Zo probeer ik  mi jn  
waarder ing u i t  te  drukken voor  de grote ro l  d ie z i j  b i j  mi jn  werk 
hebben gespeeld.  Henny heef t  voor  het  vermoeidheidspro ject  
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honderden met ingen u i tgevoerd.  Daarnaast  nam ze ui t  z ichzel f  
a l ler le i  extra taken op z ich,  van het  net jes archiveren van de data 
to t  het  invoeren van de gegevens in  de computer .  Hans was de 
steun en toever laat  op het  gebied van technische problemen,  maar 
minstens zo belangr i jk  was z i jn b i jdrage aan de leuke sfeer  in  de 
groep van onderzoekers.  
 
Een groot  deel  van de in d i t  proefschr i f t  gepubl iceerde resul taten 
komt ui t  met ingen die door  s tagia i res z i jn  u i tgevoerd.  Ik  had het  op 
d i t  gebied n iet  beter  kunnen tref fen:  de kwal i te i t  van ieders werk 
was zeer  goed en met  a l len heb ik  een leerzame én gezel l ige t i jd 
gehad.  
Al  voordat  ik  ze l f  op de afdel ing kwam werken,  heef t  Wouter 
b i jgedragen aan de ontwikkel ing van de 2-minuten-met ing.  
Gelukkig voor  mi j  verkoos h i j  een geneeskundestudie boven een 
promot iepro ject ,  zodat  ik  de kans kreeg verder  te gaan met het  
door hem gestar te werk.  Terwi j l  h i j  z i jn  s tage a l  had afgerond, 
hebben we nog in tensief  samengewerkt  b i j  het  schr i jven van mi jn 
eerste ar t ike l .  
Samen met  Jeannine heb ik  me de meettechniek eigen kunnen 
maken.  Het  was f i jn  om over  de eerste met ingen veel  te  kunnen 
over leggen en p lezier ig  om deze samen ui t  te  voeren.  
Nienke heef t  de met ingen verzorgd waarvan de resul ta ten z i jn  
opgenomen in hoofdstuk 5.  Z i j  wis t  a l le  proefpersonen te mot iveren 
om tenminste acht  keer  het  protocol  te  ondergaan.  Ik  v ind het  leuk 
dat  z i j  er  ze l f  ook voor  heef t  gekozen te gaan promoveren.  
Janneke heef t  in  korte t i jd  heel  zel fs tandig het  ERP-exper iment  
opgezet.  Door  haar werk konden we snel  star ten met  het  doen van 
bru ikbare met ingen en de in  eerste instant ie ingewikkelde d ig i ta le 
verwerking van de gegevens.  Z i j  zorgde bovendien voor  de 
invoer ing van een vaste theepauze.  
De meeste gepubl iceerde ERP-met ingen zi jn  gedaan door  Maarten.  
Ook toen z i jn  stage of f ic ieel  a l  a fgerond was,  heef t  h i j  mi j  h iermee 
nog veel  werk u i t  handen genomen.  
 
Veel  andere medewerkers van de afdel ing k l in ische neurofys io logie 
z i jn  b i j  het  pro ject  betrokken geweest ,  a l  is  hun b i jdrage vaak 
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minder  concreet .  Inhoudel i jk  heef t  Dick een belangr i jk  aandeel  
geleverd door  het  s t imuleren van methodische ontwikkel ingen. Het  
meest  waardeer  ik  echter  z i jn  toegankel i jkheid en socia le 
betrokkenheid b i j  de onderzoekersgroep.  Jo leen heef t  ervoor 
gezorgd dat  ik  op de afdel ing terecht  ben gekomen en stond 
h iermee aan de basis  van mi jn  onderzoeksproject .  Bernd,  Ber t ,  
Carol ine,  Edwin,  Gea,  Gi js,  Jan,  Mark,  Mirei l le ,  Norber t ,  Robert  en 
Sigr id  wi l  ik  bedanken voor zowel  het  inhoudel i jk  over leg als voor  
de gezel l igheid en goede sfeer.  Met  name de dagel i jkse wandel ing 
in  het  park leverde ext ra energie voor  het  werk.  
 
Ook de over ige medewerkers van de afdel ing k l in ische 
neurofys io logie –laboranten,  ar ts-assis tenten,  ar tsen,  
recept ionistes en secretaresses-  waren belangr i jk  voor  het  creëren 
van een pret t ige omgeving.  Juist  de samenwerk ing van mensen u i t  
verschi l lende d iscip l ines maakt deze afdel ing een st imulerende 
werkplek.  
 
Onverwachts is  aan het  e inde van mi jn  onderzoekst i jd  een 
samenwerkingsproject  ontstaan met de Erasmusuniversi te i t  te 
Rot terdam. Marcel ,  ik  vond het  verrassend dat  we d ig i taal  zo ’n 
ef f ic iënt  en tegel i jker t i jd  pret t ig  contact  konden hebben. Als  a l le 
publ icat ies zo v lot  zouden ver lopen, hadden we beiden a l  twee 
boekjes vol .  
 
In  de afgelopen jaren had ik veel  vr ienden om me heen.  Een aanta l  
daarvan heef t  een concrete b i jdrage geleverd door  een of  meerdere 
malen proefpersoon te z i jn ,  anderen hebben mi j  geholpen door  er  
bui ten het  werk voor  me te z i jn.  Stan wi l  ik  h ier  speciaal  noemen.  
Hi j  heef t  én urenlang a ls proefpersoon opgetreden én het  
proefschr i f t  he lemaal  gelezen om er  zo veel  mogel i jk  fout jes ui t  te 
halen.  Hi j  is  en b l i j f t  waarschi jn l i jk  een van de wein igen d ie de 
tekst  van voor  to t  achter  hebben gelezen.  
 
In  d i t  dankwoord wi l  ik  ook aandacht  besteden aan de rol  van mi jn 
fami l ie .  Joost  en Ieke hebben me als  grote broer  en zus het  goede 
voorbeeld gegeven,  in  meer dan het  onderzoek a l leen.  Mi jn  ouders 
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hebben me al t i jd  gest imuleerd het  beste u i t  mezel f  te halen met  
oog voor  verschi l lende aspecten van het  leven.  Het  is  n iet  toeval l ig  
dat  nu a l ledr ie  de k inderen gepromoveerd z i jn .  
Tenslot te  wi l  ik  Arthur  bedanken voor het  geluk dat  we de 
afgelopen jaren gedeeld hebben en de steun die hi j  me geef t .  Ik  
hoop op een net  zo gelukkige toekomst  met  ons dr ieën!
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